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Preface

Safety in the built environment is a fundamental right." While adequate shelter is
perhaps the most critical aspect of a community infrastructure, the lack of stable infra-
structure is often cited as the primary barrier to sustainable development. Indeed, it is
suggested that “sustainable development” may be largely unattainable to all but the
wealthiest and most advanced global communities.” Sustainable development is
most commonly defined as that which “meets the needs of the present without compro-
mising the ability of future generations to meet their own needs...””> What is often
omitted from this definition, however, are the lines that immediately follow: “...It con-
tains within it two key concepts: (1) the concept of needs, in particular the essential
needs of the world’s poor, to which overriding priority should be given; and (2) the
idea of limitations imposed by the state of technology and social organization on
the environment’s ability to meet present and future needs.” It is the challenge of
coupling both global and regional sustainability practices with social equity that lies
at the heart of the grand engineering and social challenges of the 21st century. Noncon-
ventional and vernacular construction materials are one aspect of addressing these
challenges and bringing sustainable development within reach of the entire global
community.

There is considerable interest—if judged by the proliferation of journal articles in
recent years—in the modern engineering application of nonconventional materials
(NOCMAT). Often this interest is driven by the interests of sustainable engineering
and/or the newer trends toward “engineering for humanity” and “social entrepreneur-
ship.” Nonetheless, there are few repositories of such information. In English, a few
international conferences (the NOCMAT series being one of the oldest) and regionally
focused journals dominate the literature. Some work makes its way into archival jour-
nals, but typically such articles are at the periphery of the journal focus and are often
included based on their “sustainability” credentials. This volume aims to fill this sig-
nificant gap in the available literature and should serve as an important resource for
engineers, architects, academics, and students interested in nonconventional materials.

' 1948 United Nations Universal Declaration of Human Rights reiterated in the 1994 United Nations
Special Rapporteur’s Report to the United Nations Commission on Human Rights.

2 Silberglitt, R. et al. (2006) “The Global Technology Revolution 2020, In-Depth Analyses Bio/Nano/
Materials/Information Trends, Drivers, Barriers, and Social Implications.” Report TR-303-NIC, Rand Cor-
poration, 314 pp.

* World Commission on Environment and Development (1987) Our Common Future. Oxford University
Press. [so-called Brundtland report.]



xviii Preface

The focus of this volume is the materials science and modern structural engineering
(and some architectural) applications of ancient, vernacular, and nonconventional
building materials. Such materials are defined to include relatively unprocessed natu-
rally occurring materials and processed or engineered materials developed from the
natural material. Chapters focus on individual construction materials and address
both material characterization and structural applications. Each chapter reflects the cur-
rent state of the art in terms of the modern use and engineering of the material. For ease
of reference and use, the volume is divided into four parts.

Part I provides an introduction to nonconventional and vernacular materials,
exploring their role in both social and engineering contexts. Chapter 1 places vernac-
ular construction methods in a modern social context. Chapter 2 considers the historic
context of these materials and describes the development of their formal study, while
Chapter 3 looks to future needs and applications.

Part II focuses on natural fibers. Chapter 4 describes natural fiber-reinforced cemen-
titious composites, while Chapter 5 considers non-cementitious “bio-composites.”
Chapter 6 describes straw bale construction, which has been gaining traction in diverse
communities around the globe.

Part III focuses on nonconventional concrete and masonry materials. Chapter 7
describes the state of the art in natural ash— and waste-based concrete. Chapters 8
through 11 describe various masonry practices: dry stack and pressed brick (Chapter
8), unfired clay (Chapter 9), and adobe (Chapter 10). Nonconventional aspects of stone
masonry construction are described in Chapter 11.

Part IV covers nonconventional forest products. Chapter 12 considers nonconven-
tional timber materials in construction. Chapter 13 introduces full-culm (pole) bamboo
materials, while Chapter 14 describes full-culm bamboo construction. Engineered
bamboo materials are described in Chapter 15. Finally, Chapter 16 introduces a thor-
oughly modern nonconventional method of construction: paper tubes.

It is hoped that this volume will prove instructive and educational while serving as
an important resource for engineers, architects, academics, and students interested in
nonconventional materials.

The editors would like to thank all contributing authors for their outstanding work
and for maintaining our ambitious schedule for this volume. Thanks are due all at
Elsevier, in particular Project Managers Alex White, Kate Hardcastle, and Charlotte
Cockle who kept the editors in line throughout this process.

Finally, the editors would like to dedicate this book to the memory of our friend,
colleague, and collaborator, Ms. Gayatri Kharel, who provided the opportunity for
us both to delve deeper into this field than we may have imagined.

Kent A. Harries, Pittsburgh
Bhavna Sharma, Bath
January 2016



What we learn from vernacular
construction
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1.1 Bam

On December 26, 2003, while people were still sleeping, an earthquake with a magni-
tude of 6.6 (USGS 2004) struck the ancient city of Bam in Iran. Despite the relatively
modest magnitude, the surface shaking was intense enough to devastate the city,
killing approximately 30,000 people, one-third of the population. Many of the news
photographs that circled the globe were of the devastated ruins of the city’s most iconic
heritage site, the ancient citadel recognized as the largest earthen structure in the world,
the “Arg-e-Bam” (Fig. 1.1). Because of these dramatic views of the pulverized parts of
the Arg in the news, many people assumed that most of the 30,000 people who were
killed died in the ancient earthen buildings of the Arg. In fact, they did not. The death
toll was almost exclusively caused by the collapse of buildings in the modern city,
almost all of which had been constructed during the past 30 years.

The “Arg” was an ancient walled city that became an archeological site and
museum of the history of the city. After being continuously occupied from as early
as the 6th century BCE, it had fallen into disuse in the early 19th century, when people

Figure 1.1 The Arg-e-Bam archeological site in Bam, Iran, before and after the 2003 Bam
earthquake.

Nonconventional and Vernacular Construction Materials. http:/dx.doi.org/10.1016/B978-0-08-100038-0.00001-9
Copyright © 2016 Elsevier Ltd. All rights reserved.
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Figure 1.2 Earthquake destruction of the restored parts of the Arg-e-Bam photographed four
months after the earthquake.

felt safe enough to abandon their houses the walls and move into their date palm or-
chards that were planted around the Arg. By the middle of the 20th century, well after
the Arg buildings had fallen into roofless ruins, a major restoration project was begun
to turn the Arg into a tourist attraction. Over the course of the half-century preceding
the 2003 earthquake, a wide swath of buildings from the main gate to the Governor’s
House on the hill were restored (Figs. 1.2 and 1.3). These included the main market
street, two caravanserais, the main mosque, the Governor’s House, and a large part
of the fortifications. By the time of the earthquake the restored site, with its undulating
earthen walls, had successfully become a world-famous attraction.

The 2003 earthquake rendered the Arg almost unrecognizable. Many of the form-
less rubble piles actually stood higher than the walls that were left still standing. The
site quickly became a symbol for the earthquake in the same way as did the National

Figure 1.3 View of an archeological site in Bam with high walls that came through the 2003
earthquake with very little damage.
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Palace in Port-au-Prince, following the 2010 Haiti Earthquake. When I arrived to
inspect the site as a delegate in a UNESCO-organized international reconnaissance
and conference held four months after the earthquake, the conventional wisdom was
that the damage could be explained by the simple fact that the Arg was constructed
of unfired clay.

For those of us who arrived in Bam shortly after the earthquake, the argument
that the Arg collapsed simply because it was unfired clay did not immediately
seem to be unreasonable. This impression was reinforced by what could be wit-
nessed in the surrounding settlement, where many modern steel-frame buildings
had also collapsed. In fact, prior to my arrival in Bam I had been told by a seismic
engineer in Tehran that earthen construction should be banned, despite its
continued use and practicality in the desert climate and a shortage of timber in
Iran and the rest of the Middle East.

At first glance, after entering the Arg-e-Bam there was little to be seen to disabuse
one of such an opinion. The devastation was vast. However, on traversing the site more
than one time, there were increasing visual signals that being made of unfired clay
could not alone explain the nature and extent of the damage. First, there was almost
no evidence of diagonal tension cracks in the collapsed or still-standing walls. Instead,
almost everywhere the walls looked as if they collapsed vertically — like a slump test
with too much water in a concrete mix [1].

Looking further, it became evident that some walls and structures had appeared to
survive almost entirely intact, while others were only a pile of rubble. As I continued to
look a pattern began to emerge. This was particularly evident when I came upon an
area that had not been restored. The standing walls of unrestored structures, abandoned
for more than a century and a half, had survived with little damage, while those that
collapsed were almost always the ones that had been restored in recent decades. In
addition, when examining the military fortifications, counterintuitively, the thicker
the wall the more likely it was to have been collapsed by the earthquake.

As I continued to look, I also discovered that in a random sampling of the cracked
open sections of the collapsed or broken walls, there was frass (insect excrement) in
practically every single one. The Iranian archeologists told me this was from a local
species of termites. Termites? In an archeological site with walls dating back 2000
to 8000 years? This comment launched me on a study that in the end had more to
do with materials science than with structural engineering (Fig. 1.4).

The first question was: Why did the unrestored roofless buildings survive the
earthquake better than the restored structures? And did the termites have something
to do with this? To search for an answer to this question, I turned to a new subject of
inquiry — the science of the cohesion of unfired earthen construction. The question
was how it may have been compromised by the 20th-century restoration work. A
chance meeting with an engineering doctoral student from the United Kingdom,
Paul Jaquin, provided the first steps toward an answer. He had been doing detailed
research on rammed earth construction, including its internal cohesion [2]. From
him, and later also from colleagues at the French research and teaching institute CRA-
terre, I learned that the most significant contributor to cohesion in unfired clay is the
meniscus forces of water [3]. Water? In ancient structures in a hot dry desert?
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Figure 1.4 Evidence of termites
in a wall in the Arg-e-Bam.

Jaquin and CRAterre’s research had shown that the cohesive force from water is so
effective that the use of stabilizers can on occasion reduce, rather than increase, the
cohesion of the clay. Even in very dry climates such as that at Bam, there is a residual
level of moisture that normally remains in intact earthen walls. This can be enough to
hold the walls together, sometimes for centuries. So a plausible hypothesis of what had
happened in Bam is that the residual moisture had disappeared prior to the earthquake.
But why?

While in Bam I learned that the modern restoration work was reinforced with straw,
while historically the clay was either without fiber reinforcement or reinforced with
shredded date palm bark. Thus, the modern-day restorers had, in effect, been feeding
the termites a banquet, whereas historically the builders had used a material, date palm
bark, which was resistant to termites. There had been, in effect, a loss of traditional
knowledge between the time when the Arg was last inhabited and when it was restored
a century and a half later.

To understand how this may have made a difference, I could see that the ter-
mites had perforated the walls by consuming the straw reinforcement. This then
likely contributed to a desiccation of the walls, resulting in a loss of suction pro-
vided by the residual water that had given the walls a large part of their cohesive
strength.

This investigation then led to the evidence of other causes of a loss of clay cohesion
that may have been more significant than the termite infestations alone. Perhaps the most
important pathology was that over centuries of occupancy, with erosion and repair, the
ancient walls had evolved from having horizontally bedded mud layers to walls with ver-
tical construction joints. The later restoration work, which included the reconstruction of
the missing upper parts of the walls and roofs, added overburden weight to the surviving
lower parts of the walls. The high-frequency earthquake vibrations thus caused this new
work to simply crush the older parts of the walls. This explained why the walls had
collapsed in place rather than falling over, as evidenced by the location of the rubble
piles with little still standing that remained recognizable [4].
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1.2 Vernacular

So, what is the significance of this story in a book about “nonconventional and vernac-
ular” construction materials? Since unfired clay may still be the most commonly used
building material worldwide, how can it also be classified as being “nonconventional?”

Of course, one must first understand that the use of the terms “vernacular” and
“nonconventional” in the context of architecture and construction technology are
not meant to connote “primitive” or lacking in sophistication or scientific basis. For
example, Roman concrete, which has demonstrated a remarkable resilience and
longevity, continues to defy efforts to answer all questions about its original prehydra-
tion and carbonation constituents because of the complexity of its polymerization over
many years into a sequence of different minerals. Like the labeling of a human lan-
guage, from which the term “vernacular” originally has been derived, vernacular con-
struction is founded on the duality alluded to in the previous sentence, namely that it
has evolved from human observation and experience over hundreds, if not thousands,
of years (Fig. 1.5), while at the same time is scientifically complex enough to justify
many dissertations and books. This is one of those books.

The story of the earthquake-induced collapse of the Arg-e-Bam is a story of a shift
from an empirically based traditional knowledge handed down over centuries and even
millennia, to our own era in which that traditional knowledge has been lost — both
because of the introduction of new materials and construction systems, changes in
education, and increasingly disused construction systems and technologies forgotten
through neglect. This time-honored empirically based knowledge has been replaced
by some very sophisticated scientific research in the fields of materials science and
structural engineering, but this sophisticated knowledge is not often communicated
to masons, or even known by people where it is needed most: those on the construction
site. While modern science has often confirmed the time-honored empirical knowl-
edge, it has not and cannot entirely replace the kind of knowledge passed from gener-
ation to generation that made structures such as the Arg last as long as they have, based
on trial and error experiences over centuries and even millennia.

2 Figure 1.5 Continuation of a
vernacular building tradition in
| Luong Prabang, Laos.
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1.2.1 “Vernacular” defined

9 <

“Vernacular” has its origin in the Latin vernaculus: “domestic,” “native” from verna:
“home-born slave,” a word of Etruscan origin. From the beginning of the 18th century,
it came to mean the “native speech or language of a place” [5].

“Vernacular architecture” according to the Oxford English Dictionary is “Architec-
ture concerned with domestic and functional rather than monumental buildings.” It is
interesting to find that it is described in part as “contrasted against polite architecture
which is characterized by stylistic elements of design intentionally incorporated for
aesthetic purposes which go beyond a building’s functional requirements” [6]. This
raises the question of aesthetic intentions within the domain of vernacular architecture.
One can argue that vernacular architecture — particularly that which remains univer-
sally loved by people from most walks of life — shows evidence of many deliberate
aesthetic intentions, such as are found in an English Cotswold cottage, a traditional
Turkish Ottoman house, a farmstead in Kerala, India, or a shop house in Pingyao,
China. The differences with “polite” architecture are not the presence or absence of
aesthetic intentions but rather the predominant manifestation of time-honored locally
based cultures (Fig. 1.6).

The same applies to the quarrying and harvesting of building materials. Vernacular
architecture is most often created from materials obtained or manufactured locally. For
example, while brick and lime mortar are manufactured products, brick and lime kilns
were often erected in villages and towns where the raw materials, clay and limestone
(or in Rome, sadly, the marble from the abandoned ancient Roman temples [7]) were
available (Fig. 1.7). Where limestone was not available, mud mortar would serve
almost as well. Where pozzolan or shale was mixed (at first by nature) with the lime-
stone, natural hydraulic cement would result such as is found in the vernacular con-
struction in Santorini, Greece, and in Italy close to Mount Vesuvius and the village
of Pozzouli, from which the term “pozzolan” originated.

Romans turned this into a business by marketing pozzolan for the making of hy-
draulic cement mortars around the Mediterranean. One may thus ask if the resulting

Figure 1.6 New construction in reinforced concrete next to a traditional earthen house near
Thimphu, Bhutan, 2010.
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Figure 1.7 Traditional brick kilns near Kathmandu, Nepal, 2000.

constructions are “vernacular?” I will leave that question unanswered, using it only to
point out that the definition that is best may be the one that allows for exceptions, in the
same way that a vernacular language is a language that is not only local in its origins,
but fluid and ever-changing.

1.3 Vernacular architecture

Perhaps the best distinction between vernacular and “polite” architecture and construc-
tion may be the fact that in vernacular buildings, the basic structural system is more
often exposed or, at the most, covered with a contiguous layer of mud or lime plaster.
This is in contrast to buildings with a veneer of nonstructural dressed stone or brick on
the exterior and dropped ceilings and ornate finishes on the interior walls.

Therein lays the essence of the aesthetics of vernacular architecture. Not only are
there simple design rules or “patterns” based on human-scaled proportions, as have
been documented and described by Christopher Alexander in his influential book A
Pattern Language, but also the aesthetics of the craftsmanship of the principal

Figure 1.8 Contemporary design of a resort (Playa Viva) constructed with traditional materials
near Zihuatanejo, Mexico.
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structural elements, such as the masonry, timber frames, or earthen walls [§]. In a
sense, the demands on the quality of the craftsmanship of the original builders is
even greater than in “polite” architecture, where the finish work hides the structural
walls or frames. For example, the tied bamboo joints or the undulating mud stucco sur-
face laid over the adobe blocks on the interiors and exteriors is the architectural
aesthetic of vernacular buildings (Fig. 1.8). This difference is apparent when one com-
pares these buildings with many modern concrete-frame buildings, where the many
rock pockets (gaps in the concrete where the unconsolidated aggregate forms a
dam) and other construction faults must be covered by finishes.

1.4 The “vernacular” of industrial architecture

My research on the subject of traditional building construction did not begin in the ru-
ral countryside of a distant land, but rather in the heart of the first industrial cities of the
United States. In the mid-1960s I began a documentary study of the early architecture
of the industrial revolution — the first generation of masonry and timber textile mills
and planned industrial cities in early 19th-century New England [9]. These brick and
stone buildings were constructed with timber plank and beam floors. They were

kb4 LTI :
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Figure 1.9 Nineteenth-century mill buildings with water power canal, Amoskeag Millyard,
Manchester, New Hampshire, USA, in 1966. The buildings on the right have since been
destroyed and the canal filled in for roads and parking as part of a U.S. government funded
“urban renewal” program in the late 1960s and 1970s, before their heritage value was
recognized.
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usually five or six stories in height, but in some rare cases rose to as high as nine stor-
ies, making them the largest and tallest multistory buildings of their time — further
complicated in that they were heavily loaded with cast iron machinery and wares.

Over the course of the 19th century, these water-powered factory complexes and
mill towns evolved into strikingly impressive examples of architecture and urban
design. However, unfortunately, at the time of this research and documentation in
the middle of the 20th century, these historic factories in New England were largely
abandoned and many were being demolished — and just as with the ancient marbles
in Rome — they were quarried for their brick, stone, and timber for new construction,
which was often only used for suburban houses for the wealthy (Fig. 1.9).

It is interesting to consider whether these early American industrial buildings and
their counterparts in Great Britain, where the Industrial Revolution gained its first foot-
hold, meet the definition of “vernacular construction.” When one studies the evolution
of building construction from the pre-industrial era to the present, one must recognize
one important fact which separates most building construction from industrial prod-
ucts: for the most part, even in the present, buildings are still constructed by hand.
True, more of the materials and larger elements are manufactured and preassembled,
but the process of building a structure is still usually unique and thus dependent on
on-site craftsmanship as much as on off-site manufacturing. In the case of
19th-century factory buildings the stone, brick, and timber were obtained as locally
as possible. Limestone and granite quarries were opened and brick kilns constructed
very close to the sites.

In Britain, where coal was locally plentiful but structural timber largely depleted,
cast and wrought iron were more often used for the interior post and beam framework.
Interestingly, in the United States cast iron was more commonly used for columns in
the early part of the 19th century than it was later, because in 1855 in Lawrence,
Massachusetts a large mill collapsed in the middle of a workday as a result of flaws
in its cast columns. From that day forward well into the 20th century, textile mills
were constructed with what one would think would be the less “industrial” material
— timber. However, wood had proved to be more resilient for the heavy loads and
strenuous vibrations of a mill filled with oscillating power looms than had cast iron.

Today, one can only reflect on the fact that if the Rana Plaza, an eight-story rein-
forced concrete frame industrial building near Dhaka, Bangladesh, had instead been
supported on timber columns, the 1,129 people who lost their lives in the 13th of
May 2013 collapse of the structure would still be alive. Thus, one can also say that
an important additional definition of vernacular construction is that it is more easily
understood by local owners and builders than is construction that is dependent for
structural reliability on complex scientific processes and theoretical analysis with dif-
ferential equations, as is reinforced concrete (Figs. 1.10 and 1.11).

Princeton Professor Robert Mark in 1994 touched on this issue when he made
the following counterintuitive yet prescient observation: One of the reasons for the
success of the builders of monumental masonry structures over the past two millennia
“is the forgiving nature of typical masonry construction as compared with the rela-
tively ‘high strung’ nature of slender modern structural elements of reinforced con-
crete and steel” [10].
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Figure 1.10 Front facade of the Rana Plaza, Bangladesh before collapse. Elevation view of
front facade of Rana Plaza near Dhaka, Bangladesh. This rectified image was constructed by
author from a combination of news media TV video images to show the facade prior to collapse.
This photo reconstruction of the building serves to bring into focus a fact that, in addition to
its structural failings, it was unremittingly ugly as a work of architecture. I would say that these
two aspects of building design are actually closely related — the developer Sohel Rana’s
grotesque failure even to grasp the truth of his own engineers’ warnings of imminent collapse are
of a piece with his ignorance and even contempt for architectural expression that is in any way
responsive to the local and national culture (see TEDxAmoskeagMillyard talk [11]).

Figure 1.11 Rana Plaza after 2013 pancake collapse that killed 1,129 people.
Photo by Rijans, Wikimedia CC.
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1.5 Srinagar, Kashmir, India

While it can be argued that the construction technology found in 19th-century fac-
tories is consistent with the definition of “vernacular construction,” few would argue
that all but the most remote rural factories are examples of ““vernacular architecture.”
While I have always enjoyed vernacular architecture, my more in-depth engagement
with it as a topic of research followed a visit in 1981 to Srinagar, Kashmir, in north-
ern India [12]. At that time, more than a third of a century ago, entering Srinagar was
like going back a half a millennium in time. The houses appeared to be ancient and
timeless, with much evidence of wear and tear. V.S. Naipaul made the observation in
1964:

It was a medieval town, and it might have been medieval Europe, It was a town of
smells: of bodies and picturesque costumes... a town...of disregarded beauty... a town
of narrow lanes and dark shops and choked courtyards [13].

Srinagar was in 1981 a densely packed city full of houses (Fig. 1.12). Unfortu-
nately, over the last 30 years much has disappeared to be replaced by roads widened
for military vehicles and “modern” reinforced concrete buildings. In the oldest portions

Figure 1.12 Traditional houses along the Raniwari Canal, Srinagar, Kashmir, 2005.
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of the city in 1981, the residences were mixed together with shops and even small
manufacturing industries, such as carpet weaving and metalworking. The view of
this dense development and teeming activity was like a scene out of the pages of
Dickens or a canvas by the 16th-century Dutch painter Bruegel.

The houses themselves were (and many continue to be) what formed the backdrop
to this remarkable scene. They appeared rickety and insubstantial, almost as if they
were deliberately built only as a stage set for the human pageant which took place
around them. These buildings provided an opportunity to study the linkage between
traditional construction technology, vernacular design, and a traditional way of life
(Fig. 1.13 and 1.14).

When embarking on historical research of Srinagar, I came across remarkable mid-
and late 19th-century descriptions of the buildings by British writers who described
their observations of two separate earthquakes that occurred in 1868 and 1885. These
observations were of particular interest to me, as I was in the process of moving to the
earthquake-prone area of California in 1984. To find masonry buildings recognized in
the mid-19th century as earthquake resistant provided an interesting point of

Figure 1.13 Narrow lane with timber-laced masonry bearing wall buildings in central Srinagar,
Kashmir, 2005.
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Figure 1.14 View of four- and five-story buildings of traditional faq (on the left) and Dhajji
dewari (on the right) construction in the city center of Srinagar, Kashmir, 2005.

boards in Kashmir.
Photo by Abbid Hussain Khan, INTACH, 2006.
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comparison to the United States at a time when historic unreinforced masonry build-
ings were broadly being condemned and either torn down or retrofitted with their ma-
sonry walls entombed behind steel and concrete.

Wood in the Himalayan region was comparatively plentiful before the modern era,
but it had to be sawn by hand as there were no saw mills. Also, nails were hand forged
rather than purchased by the box. Thus, the primary locally available building material
in the Vale of Kashmir was clay, which was fired into bricks or used for mortar. Tim-
ber, however, was used not only to support the floors and roof but also to reinforce the
masonry (Fig. 1.15).

Most of the traditional buildings in Srinagar can be divided into two basic systems
of construction. The first system, referred to as faq in Kashmiri and bhatar in Pashtun,
consists of thick load-bearing masonry piers with thinner masonry walls in between

Figure 1.16 Canalside building of faq construction in central Srinagar, showing the
timber-laced masonry construction, photographed in 1981. Notice that the windows do not line
up vertically and that the masonry is divided into panels and piers, which is only possible
structurally because of the timber ring beams in the masonry walls.
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(Fig. 1.16). These separate sections of masonry walls and piers are then laced together
with timbers that form ring beams around the exterior walls and are held together with
wooden ties that pass through the walls at each floor level. This timber lacing is config-
ured like ladders laid horizontally in the wall. They are laid below and above the joists
at each floor level, which then tie the walls together with the floors because of the fric-
tion provided by the overburden weight of the masonry above.

What is important to note regarding this system is that there are no vertical tim-
bers or any other form of vertical tension reinforcement. This is something that
seems counterintuitive to most engineers today, including the engineers in India
who produced the otherwise remarkably forward-thinking Indian Building Code
IS 13828 for “non-engineered” construction that is based on this system [14]. As
a result of their insecurity with having only horizontal reinforcement: this code rec-
ommends that a cement grout-encased steel reinforcing bar be embedded in the ma-
sonry in each exterior corner. My concern is that this column of steel-reinforced
concrete over time is likely to prevent the natural changes in dimension of the sur-
rounding load-bearing masonry laid in soft mud mortar. In the event of an earth-
quake, it could disrupt the masonry in such a way that it will be much more
difficult or impossible to repair [15].

The second system, known as “dhajji dewari” construction, consists of a braced
timber frame with masonry infill. It is brick-nogged timber-frame construction that
in Britain is known as “half-timber.” Dhajji-dewari comes from the Persian words
for “patch quilt wall” (Figs. 1.17 and 1.18). It is similar to what in Turkey is called
hums [16].

Figure 1.17 Dhajji-dewari building showing the single-leaf construction of the walls. The
building was under demolition for a road widening, 2005.
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Figure 1.18 New construction in dhajji-dewari photographed in 1989. More recently, this form
of construction has largely gone out of use, in favor of reinforced concrete.

After the October 2005 Kashmir earthquake, structural engineering Professors
Durgesh Rai and Challa Murty of the Indian Institute of Technology Kanpur reported
that

“In Kashmir traditional timber-brick masonry (dhajji-dewari) construction consists
of burnt clay bricks filling in a framework of timber to create a patchwork of masonry,
which is confined in small panels by the surrounding timber elements. The resulting
masonry is quite different from typical brick masonry and its performance in this

earthquake has once again been shown to be superior with no or very little damage.”

They cited the fact that “the timber studs resist progressive destruction of the. wall and
prevent propagation of diagonal shear crack. and out-of-plane failure.” They went on
to suggest that: “there is an urgent need to revive these traditional masonry practices
which have proven their ability to resist earthquake loads” [17].

This contemporary observation is not without precedent. In the 19th century,
British geologist, Frederic Drew, said in a book published in 1875 that the Srinagar
houses have “mixed modes of construction [that] are said to be better as against earth-
quakes (which in this country occur with severity) than more solid masonry, which
would crack” [18]. He thus notes not only that the houses demonstrated a level of
earthquake resistance but also that this attribute was recognized by the local
population.

Later, the British physician and award-winning writer Arthur Neve, in a book
describing his experiences during 30 years in Kashmir during the late 19th and early
20th centuries, described at length the resilience demonstrated by the traditional Srinagar
houses of both systems during the earthquake of 1885. After describing these Srinagar
houses as “tumbledown and dilapidated to a degree” (which was not unlike my first
impression a century later), he went on to say that their construction was “suitable for
an earthquake country.” His explanations of why the traditional construction worked
so well are particularly significant. After observing that “Part of the Palace and some
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other massive old buildings collapsed... [but] it was remarkable how few houses fell,”
he goes on to explain that “wood is freely used and well jointed,” but then he made
the counterintuitive claim that “clay is employed instead of mortar, and gives a some-
what elastic bonding to the bricks.”

In describing the faq construction, he says that the bricks are constructed “in thick
square pillars, with thinner filling in,” by which he describes the bearing wall masonry
construction that is constructed as a series of wall sections with unbonded construction
joints between the sections, as seen in Fig. 1.16. This construction, he says “If well
built in this style the whole house, even if three or four stories high, sways together,
whereas more heavy rigid buildings would split and fall” [19].

Both of these 19th-century commentaries seem as remote from modern engineering
theory and practice as the buildings they describe are picturesque. Neither Drew nor
Neve was an architect, engineer, or mason. In addition, the comparative sizes and char-
acteristics of the earthquakes are only vaguely documented. What is interesting,
though, is that these quotes can be used to shed light on what has proved to be revo-
lutionary changes that have occurred over the past century and a half in the design and
construction of buildings. These changes effectively have divorced the building tech-
nical community, including architects, engineers, and builders, from the kind of tactile
understanding of traditional materials and construction systems that these 19th-century
quotes demonstrated — a problem that has only recently begun to be recognized and
addressed, as shown by the previous quote by Professors Rai and Murty.

1.6 The great 1906 San Francisco earthquake and fire

Turning to the United States, consider the engineering study describing the damage
from an earthquake half-way around the planet from the one in Kashmir — the 1906
San Francisco earthquake and fire. Six years prior to the publication of Arthur Neve’s
book about Srinagar, the American Society of Civil Engineers (ASCE) in their Trans-
actions published the “The Effects of the San Francisco Earthquake of April 18th,
1906 on Engineering Construction.” In their committee report on the damage to build-
ings one finds the following statement:

It may be stated, as one of the most obvious lessons of the earthquake, that brick walls,
or walls of brick faced with stone, when without an interior frame of steel, are
hopelessly inadequate. As a method of building in earthquake countries, such types
are completely discredited [20)].

Later in the report they repeatedly emphasize this point, as follows:

The writers simply reiterate the statement that, speaking generally, buildings of brick
walls and wooden interiors cannot be built which will not be wrecked in a severe
shock, it being a fault of design and not of materials or workmanship [21].

This was followed by some heated rebuttals in the “Discussion” portion of the pub-
lication, in which 25 ASCE member engineers contributed their own reports. While
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seven offered strong rebuttals to the Committee’s position, two expressed unequivocal
support, adding their endorsement to the evidence of the transition from empirical
observation to theoretical analysis in engineering. (The others were either neutral or
did not discuss masonry building performance.) One supporting member, C. Derleth,
wrote: “It is not right to argue that brick buildings are adequate for earthquake coun-
tries because a hundred buildings stood in certain places” [22], while another, J.D.
Galloway, said: “It is strange that engineers will still champion this material which,
analytically and by evidence, proves itself to be ‘hopelessly inadequate” [23].

In defense of masonry, one engineer, Edwin Duryea, made the following apt obser-
vation: “This conclusion is so severe that, if it were true, it would entirely exclude the
safe use of ordinary brick buildings, for any purpose, on the San Francisco peninsula”
[24]. All of this flowed from the repeated observations that only some, but by no means
all unreinforced masonry buildings were damaged by the earthquake. Another engi-
neer, W.W. Harts, made the even more directed rebuttal of the absolutist nature of
the Committee’s position, basing his position as a defense of empirical methodology
and evidence:

It is very dangerous, in any scientific discussion, to formulate sweeping general
rules....The explanation has been made that the test of engineering structures is not
experience, and that the majorities [of engineering professionals] cannot be relied
upon...to discover the truth as to their stability. Can it be maintained that the science
of engineering is not the resultant of years of experience? Can it be said that successes
are not guides and that failures are not warnings? [25].

His colleague, Bernard Bienenfeld, then made the more specific observation:

Regarding the contention of the Committee that the ordinary brick construction is
inelastic, observation of the action of the brick walls of wrecked buildings that were being
torn down subsequent to the earthquake and fire would indicate that there is indeed a
considerable and surprising internal elasticity in this form of construction [26].

This quote is the one that comes closest to the 1885 observations by Arthur Neve
cited above, when he said that weak clay mortar gives a somewhat elastic bonding to
the bricks, which allows the masonry buildings to “sway together.” [19]. It is inter-
esting in light of this debate over the behavior of masonry to also take note of the
famous 19th-century French architect Violet-le-Duc’s description of masonry behavior
as showing elasticité, by which he meant that masonry has the ability to structurally
adapt to changes in loading and even allow for cracking, without losing its stability.
(He was describing it in general, not specific to earthquakes.) Thus, we are confronted
with the use of the term “elastic” to describe phenomena that includes inelastic
behavior of a structural system. As described next, this seeming anomaly may in
fact lie at the core of what makes masonry construction difficult for engineers to
analyze and accept when confronting the mitigation of earthquake risk.

While these quotes concern the engineering analysis of the unreinforced masonry
buildings in San Francisco, most of these buildings had probably not been designed
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by engineers, except for the simple static load calculations and detailing of internal
framing elements. , However, the most historic watershed is that this is the first earth-
quake to affect steel skeleton-frame buildings with curtain walls of masonry, rather
than load-bearing exterior masonry walls with internal post and beam framing like
that of the British and American 18th and 19th-century industrial buildings (see
Fig. 1.9). This system of construction, now so common as to seem unremarkable,
had only first been used 20 years earlier in Chicago.

From an engineering perspective, mid- and high-rise skeleton-frame buildings
represent much more than the simple replacement of the exterior bearing walls with
an extra bay of posts and beams. As Donald Friedman states in his book Historical
Building Construction, the few short decades before the 1906 earthquake also mark
the “change in structural theory from masonry-based compression forms such as
bearing walls and arches to flexure-based designs such as knee-braced portal frames”
[27]. At this same time, the industrial production of large quantities of steel made
possible after the invention and proliferation of the Bessemer converter and open
hearth furnace, replaced wrought and cast iron within less than a decade after 1980.
These two changes made the skeleton frame possible, which inevitably led to the con-
struction of much taller buildings that became known as ‘skyscrapers’, a word for
which came from the top sails on ocean-going sailing ships. Only then did the skeleton
frame conform to what the engineering term-of-art means by the word “frame” — that
is, a braced or moment frame with rigid beam/column connections.

The invention of the skeleton-frame skyscraper fits well with the other remarkable
inventive engineering feats of the age, such as bridges and towers. The most remark-
able of these towers at the time was most certainly the Eiffel Tower. However, there
was a profound difference: unlike bare steel bridges and towers, buildings require inte-
rior and exterior walls. Also, as a consequence of the flammable nature of their con-
tents, the steel frame itself must be protected against collapse from the heat of a
raging fire inside a building (Figs. 1.19—1.21). For more on 1906 Fire, see Ref. [28].

e et 3 Figure 1.19 View of San

: Francisco showing three of the
steel skeleton frame buildings
after the fire had burned them

~ out. These included the 315 foot
high steel skeleton frame Call
Building constructed in 1890. All
of the surrounding buildings,
except for the skeleton frame
structures, were completely
destroyed. These three skeleton
frame structures, as well as most
of the others in the city from that
S time, were repaired and about
half of them still exist today.
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Figure 1.20 View of the 1904 steel skeleton Figure 1.21 The same view shown in

frame with infill masonry Flood building Fig. 1.20 but 100 years later. Most of the
after the 1906 San Francisco earthquake steel skeleton-frame buildings were repaired
and fire. after the earthquake despite the fact that all

were burnt out by the fire.

At that time, the walls and the fireproofing around the steel framework were still of
unreinforced masonry resting on the steel frame, although these walls were no longer
load bearing. Of course, such enclosure walls not only added weight but also compli-
cated the engineering analysis of the frame. Because of the walls, this was a problem
unique to buildings, rather than to bridges or the Eiffel Tower. This difference, as we
shall see later, is more profound than was perhaps realized at the time.

1.7 Skeleton-frame construction

The steel skeleton frame skyscrapers in San Francisco which survived both an earth-
quake and uncontrolled fire stand at the threshold of a sea change in engineering and
building construction. The conventional descriptions of the trajectory of architectural
and engineering history of this time often described the changes of the late 19th and
early 20th centuries as “progress,” as they led to the elimination of heavy masonry fa-
cades and interior walls and the opening up of floor plans. This was idealized by Le
Corbusier in his model Domino House, an idealized drawing of a reinforced concrete
post and slab structure, which was followed by the adoption of curtain walls of glass
and lightweight panels to enclose such structures. The consequence of this in earth-
quake areas was only later to be confronted as successive earthquakes around the globe
caused increasing numbers of collapses with many victims.

Interestingly, at the time of the 1906 earthquake, engineers had little idea how
the masonry-clad skeleton-frame buildings would perform. As reported by A.L.A.
Himmelwright, head of the Roebling Construction Company [29]:

The successful manner in which the tall, steel skeleton-frame buildings withstood the
effects of the earthquake and the fire is most reassuring, in fact wonderful, and proves
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conclusively that the best modern practice is directed along correct and efficacious
lines.. These buildings had never before been subjected to violent earthquake shocks,
and many architects and engineers doubted their ability to withstand such surface
movements without injury.... In all cases when the structural details were designed in
accordance with the best modern practice and executed with skill and workmanship of
only fair quality, the buildings passed through the earthquake without structural

injury.

Their remarkably good performance in 1906 San Francisco firmly established them
in the ASCE Transactions Report as the structural system acclaimed to have the most
resilience — despite the many earthquake-induced cracks in the masonry interior and
exterior walls. The 1907 ASCE Committee Report observed that “The damage to steel
frames was almost negligible” and “the writers are of the opinion that the steel frame
offers the best solution of the problem” [30] after making the observation that “build-
ings of this type were those most exposed to earthquake damage, the type including
most of the tall buildings in the city” [31].

This, of course, is where the masonry comes into the discussion. The report states
that the exterior brick “wall adds little, if any, to the bracing of a steel frame. Many of
such walls were cracked badly, and moved on the supporting girder. No reliance
should be placed upon them, as they are open to all the objections stated in connection
with brick walls in general. The well-designed steel frame offers the best solution of the
question of an earthquake-proof building, as all the stresses can be cared for” [30].
With this and other observations, the committee makes it clear that they saw the ma-
sonry as simply a load on the frame, rather than working (in the engineering meaning
of the term) in partnership with the frame to resist the lateral forces and dampen the
destructive vibrations of the earthquake.

In contrast to this analysis, the author of what may be the first engineer’s text book
on the subject of skyscrapers, Joseph Kendall Freitag expressed a diametrically
opposing view in both the 1895 and 1901 editions of his textbook Architectural Engi-
neering With Special Reference to High Building Construction. In his 1901 edition, he
says:

‘Skeleton Construction’... suggests a skeleton or simple framework of beams and
columns, dependent largely for its efficiency upon the exterior and interior [masonry]
walls and partitions which serve to brace the structure, and which render the skeleton
efficient, much as the muscles and covering of the human skeleton (to borrow a
comparison used by various writers) make possible the effective service of the
component bones” [32].

In a historically important way, Freitag’s quotes reveal the dialectic between that
which is empirically obvious versus what is still an engineer’s reluctance to rely on
that which cannot be calculated, described as follows:

A building with a well-constructed iron frame should be safe if provided with brick
partitions and if the base is a large proportion of, or equal to the height, or if the
exterior of the iron framework is covered with well-built masonry walls of sufficient
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thickness; for the rigidity of the solid walls would exceed that of a braced frame to
such an extent that were the building to sway sufficiently to bring the bracing rods into
play, the walls would be damaged before the rods could be brought into action [33].

This was in fact a phenomenon that was confirmed years later by tests carried out on
the Empire State Building in New York City [34]. Freitag, however, is critical of the
total reliance on the infill masonry for lateral support:

This method of filling in the rectangles of the frame by light partitions may be efficient
wind bracing, but the best practice would certainly indicate that it cannot be relied
upon, or even vaguely estimated [35].... While the steel frame is more or less
reinforced by the weight and stiffening effects of the other materials, still no definite or
even approximate values can be given to such items, except their purely static
resistance or weight.... Any dependence placed on curtain walls [36] and partitions
for lateral strength is opened to very grave question [37].

Despite his “muscles and skeleton frame” metaphor describing the structural inte-
gration and dependency between the masonry walls and steel frames, Freitag himself
reveals the inconsistency in his own views of the role of the masonry. In so doing he
recognizes the very problem that continues to exist for engineers today — the lack of
reliable ways to quantitatively analyze and calculate its role in a structural engineering
design for multistory frame buildings. He thus anticipates the elimination of the ma-
sonry for lateral support when, on the very next page, he describes what he calls
“cage” construction:

The steel framework, originally introduced to carry vertical loads only, has been
gradually developed and systematized as increased attention has been bestowed upon
the questions of lateral strength and stiffness against wind or other external forces.
The use of a well-braced frame now permits the substitution of curtain or veneer walls
for the solid masonry construction formerly required, and the reduction in thickness of
such walls to 12 or 16” protective veneer walls only, makes it possible to obtain
much larger window areas ... [and] also possible to omit heavy interior walls [38].

However, 12 tol6 inches of masonry is still a considerable amount of masonry
infilling and cladding, and if called upon in an earthquake to resist the lateral forces,
as it was in San Francisco in 1906, it could provide added resistance and damping
from its cracking that serves to prevent the underlying steel building frame from
deforming beyond its elastic range. This is empirically true, even if the original de-
signers had disregarded it, as is shown by the fact that the ASCE committee in San
Francisco concluded that it was of no value. Local regulations in Chicago and New
York City at the turn of the century mandated thick exterior masonry walls, even
for skeleton frame structures, but during the decades to follow such requirements
were soon lifted.

While most of the historical focus is on the transition to the use of frames for taller
buildings, the watershed event in this transition is not so broadly known — it is, within
the field of structural engineering, the “invention” of a way of doing a portal frame
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analysis using the contraflexure methodology for isolating moments.” In lay language,
this method allowed the calculation of the bending stresses on multi-story frames by
mathematically separating the frame into parts at each neutral point of bending reversal
of the columns and beams. This then allows for the forces to be calculated using the
three equations of equilibrium. Prior to that, the forces inherent in “frame action” could
not be accurately calculated. As long as, in effect, columns were pin connected at the
floor levels, this was not a problem (Fig. 1.23), but as structures grew taller, this was
structurally inefficient. Modern skyscrapers in every practical sense date their origin to
this change in engineering analysis methodology.

The contraflexure methodology of portal frame analysis [39], eliminates what
Freitag described as the “table leg” principle — the pin connection of columns at
each floor level which is required to avoid the complication of calculating an indeter-
minate (hyperstatic) structure that would exist if all connections were rigid (Fig. 1.22).
Ironically, contraflexure-based analysis allowed for much greater precision and thus
economy in the amount of steel needed for the frame, but in so doing, it reduced
the structural redundancy that the earlier methods required and thus reduced the de
facto safety margin in the event of earthquakes which exceed the elastic capacity of
the frame structures. Since this refinement in the engineering calculations coincided
with the reduction in the thickness of the masonry walls, the skeleton frames became
significantly lighter and more flexible. Elwin Robinson in 1989 remarks on this when
he says: “The exterior curtain was continually reduced in mass until it eventually
became a thin glass envelope, unable to contribute to the structural stability of the sys-
tem in any way”. This would come to have profound and even tragic consequences
over the next century up to and beyond the present day [40].

To fully understand this historical phenomenon, we must jump ahead 100 years to the
centenary of the 1906 earthquake and a report written by two of the most highly regarded
seismic engineers in San Francisco today, Ronald O. Hamburger, and John D. Meyer.

Figure 1.22 An office interior remodeling project in the south wing of the 1891—1893
steel-frame Monadnock Building in Chicago briefly revealed this view, an example of what
Freitag defines as the “table leg” portal arch. The photograph was taken in 2005.
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They address this topic from the perspective of the current day, and in so doing, they find
some interesting counterintuitive facts:

The outstanding performance of the infill steel-frame buildings in the 1906 earthquake
remains an issue of considerable technical curiosity. Though many of these buildings
had design deficiencies known to have caused very poor performance in more recent
earthquakes, including soft and weak stories, torsional configuration, large seismic
mass, and low stiffness, none collapsed, and essentially all were repaired and restored
to service, many remaining in use to this day.... Certainly, this superior performance is
not predicted when standard procedures for seismic evaluation and upgrade, such as
ASCE-31 ASCE 2003 and FEMA 356 are employed.

[A] possible explanation lies in the accuracy, or lack of accuracy, with which our
current evaluation techniques model buildings. Although some analyses of buildings
of this type have been performed, accounting for the masonry and frame interaction
effects in exterior walls..., we are not aware of any such models that also incorporated
the effects of the hollow clay tile partitions [41].

These comments are particularly interesting in light of what happened during the
1989 Loma Prieta earthquake in Oakland, across the bay from San Francisco. In that
earthquake the epicenter was 60 miles (97 km) distant from the Bay Area, and it reso-
nated with the soil under Oakland City Center at a frequency that affected early
20th-century skeleton-frame mid-rise buildings with masonry curtain walls. These
included the 320 feet (98 m) high 18-story City Hall constructed in 1914, and a number
of other buildings within the downtown area. None of these buildings came close to
collapse during the earthquake, but, as expected, many manifested cracks in their ma-
sonry exterior walls. One such building, the former Hotel Oakland, an eight-story
block-sized building recently converted to housing, sustained considerably more damage
to its facade than the others. After the earthquake, it was surprising to find out that of all
of the buildings of this type, this had been the only one that recently had been seismically
upgraded. As part of that upgrade, all of the interior hollow clay tile masonry walls had
been demolished and replaced with gypsum plasterboard on light weight steel studs.

The questions raised by Hamburger and Meyer point to the fact that the masonry in
general, and the hollow clay tile interior walls in particular, fell outside of modern
seismic analysis models, and that in a retrofit project, the typical decision was simply
to eliminate them. However, their absence left the exterior walls during the earthquake
to do all of the work. The better performance of the dozens of surrounding unretrofitted
buildings, by their comparison with the Hotel Oakland, serves to demonstrate the pos-
itive contribution that the infill masonry does have in an earthquake — the very thing
that was under-appreciated by the engineers, both in the post-1906 reconnaissance
quoted above, and in the modern day [42].

1.8 Frames and solid walls

One may wonder why one focuses on the evolution of skeleton-frame construction.
What does this have to do with “vernacular construction” and nonconventional mate-
rials? The answer is that the development of the analytics and mathematics that
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accompanied the invention of the skeleton frame changed the practice of structural en-
gineering, in such a profound way that it has served to build a conceptual barrier be-
tween the design of solid wall masonry structures in past centuries, and modern
skeleton-frame structures.

This increasingly opaque barrier within the structural engineering profession be-
tween the empirical past and quantitative frame analysis of the present can be seen
in Freitag’s textbook when he says that: “the stability of a building must depend
entirely either upon the masonry, that is, the inertia or dead weight of the structure,
or upon the steel framework” [43]. “In veneer buildings [masonry curtain wall build-
ings], which are being considered here in particular, the system of bracing the
metal-work [with steel] must be used, with the [masonry] walls as light [meaning
as thin] as possible” [44].

More than any other, the process that led to these changes in the quantitative analyt-
ical methods now so commonly accepted in structural engineering is also what has
created the barrier between the modern era and historical approaches to building
design and construction. At the time this evolved, engineering education had largely
shifted from the building sites to the university, with its attendant specializations
and concentration on mathematical theory rather than empirical approaches to building
construction combined with direct hands-on apprenticeship at the building sites. Frame
analysis thus became the core of the curriculum, such that now both engineers and ar-
chitects think and model most structures in their minds and on paper as frames to be
analyzed mathematically. Shear walls, when included, are modeled as deep beams.
Masonry walls, where they exist, most often have been treated simply as dead weight
and given lateral resistance factors that only recognize their limited elastic capacities,
rather than their ultimate strength, resilience, and energy dissipation.

Princeton engineering Professor Robert Mark touched on a significant part of the
changes that have occurred when he states: “it was only in the nineteenth century
that the merger of science and the art of building. finally took hold, abetted by the
introduction of new construction materials to which the old rules of building no longer
applied and by the establishment of architecture and engineering as university
subjects” [45].

What is interesting is that now, a century later, there is still a struggle within the
fields of architecture and engineering to find a balance between an empirical process
founded on observation and experience, and quantitative approaches that are now a
seamless part of engineering education and largely dictated by the building codes.
In 2004, California-based engineer, Sigmund Freeman wrote a criticism of recent
changes to the seismic building code, as follows:

Making codes more restrictive and more complicated does not necessarily make for
better buildings.... The analytical methods used are generally precise, but are they
accurate? Materials can have many variables that are not accounted for in the
analytical models. ... Continued studies and interaction between engineers, as well as
with other design professionals, is required. Engineers need to think more about how
buildings perform than how to satisfy building codes [46].
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Freeman’s observations are reminiscent of the comments a century earlier in de-
fense of brick buildings by W.W. Harts, quoted above, in the ASCE Report on the
1906 San Francisco earthquake when he wrote:

It is very dangerous, in any scientific discussion, to formulate sweeping general
rules.... Can it be maintained that the science of engineering is not the resultant of
years of experience? Can it be said that successes are not guides and that failures are
not warnings? [47].

1.9 Conclusion: the “ecology” of the vernacular

The evolution of modern skeleton-frame construction, and changes to the engineering
profession in response to it, have without a doubt made possible the many extraordi-
nary structures and structurally safe buildings of the modern era. These disciplines
have become specialized, and the responsibilities for the safety of structures continue
to be extensive and comprehensive.

It is perhaps hard to appreciate this today, but where the difference between the pre-
modern and the modern era became most apparent to me was on a visit to Kabul,
Afghanistan, on an assignment in 2006 for The Turquoise Mountain Foundation, a
UK-based nongovernment organization. This foundation had undertaken the restora-
tion of a number of historic structures of traditional timber and masonry construction
in a district of Kabul. The Afghan professional who was supervising and directing the
teams of workmen was called by the honorific “Engineer” by his workmen and others
in the community; his full name thus being “Engineer Hedayatullah” in all of the com-
munications by the foundation. No drawings were used for the work, yet all work was
carefully guided to meet the stringent restoration requirements of the foundation. En-
gineer Hedayatullah did not have a formal university-based education but rather had
learned his discipline through the trade guild system that still exists there, just as it
had existed throughout Europe before the modern era (Figs. 1.22—1.24).

Figure 1.23 The Peacock House, Murad Khane, Kabul, Afghanistan, before and after
restoration.
Photograph by Randolph Langenbach.
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Figure 1.24 The same house shown in Fig. 1.23 after restoration by the Turquoise Mountain
Foundation.
Photo by Andre Ullal for the Turquoise Mountain Foundation.

Despite this anachronistic example, it cannot be a surprise that a Renaissance man
approach to design in the premodern era is no longer seen as appropriate or even
possible in more developed contemporary urban environments. With its disappear-
ance, however, there has been a loss of knowledge about traditional materials and tech-
nologies that do not fall within the parameters of the current building codes, and the
subjects taught in universities.

This evolution is parallel to the ongoing phenomenon of the disappearance of what
may be termed “vernacular” languages — regional languages that are now disappearing
with the spread of English and other major languages around the world. A recent PBS
video included a report by David Crystal, a linguist, who said: “Half of the languages
of the world are so in danger that they are going to die out in the present century. That
means one language dying out somewhere every two weeks” [48]. This same program
closed with a quote that in my opinion speaks also to the importance of traditional
forms of construction within the fields of architecture and engineering (Fig. 1.25):

Just as the physical ecology of the earth depends on the healthy interaction among
plants and animals. there is an ecology of consciousness and interdependence of
knowledge, culture and wisdom we find in and through our languages. Language is a
lens through which we see the world.

Vernacular architecture and construction belong in that same “ecology” and they
both need to exist in the world seen through the “lens” of idiomatic local language
and culture. It is no coincidence that the emergence of movements to save dying lan-
guages, including Welsh and Hawaiian, parallels a growing interest in alternative
“vernacular” forms of construction that are more than simply architectural styles -
but carry the substance of deeply historic construction technologies.

Thus, while it may seem a stretch to compare the establishment of frame theory and
the displacement of traditional forms of construction with reinforced concrete moment
frames worldwide to the loss of languages, when one sees how extraordinarily
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Figure 1.25 Srinagar, Kashmir, photographed in 1981 showing the collision of scale,
architectural language, and construction technologies in the historic city after the construction of
a large reinforced concrete building. In the three decades that have followed, many more
buildings of similarly disruptive scale and design have been constructed in what had been a
remarkably well-preserved historic city center.

dominant reinforced concrete construction has become, and the alien scale and visual
language of the resulting architecture in many parts of the world, it is clear that some-
thing has been lost and not replaced (Fig. 1.25). What has disappeared has everything
to do with the “knowledge, culture and wisdom” that had been unique to the particular
regions and communities.

What is encouraging is that this disappearance has stimulated a growing interest
around the world in nonconventional materials and vernacular construction. This is
not because these materials and construction methods are new or, in the converse,
have entirely ceased to be used, but because what are now conventional materials
and construction typologies have become so distant from these previously common
materials and systems as to be on the other side of the barrier that has emerged between
what are now different disciplines.

Earthquakes are the ultimate test of buildings, and thus, the growing interest
among engineering students in technologies that were spurned and totally absent
from university curricula less than a decade ago gives a chance to revisit some
of those same questions that confronted the engineers who climbed over the ruins
of San Francisco in 1906, just as their predecessors had in 1755 in Lisbon,
Portugal, and 1783 in Calabria, Italy. More recently, it is also just as the itinerant
builders and residents have observed in Turkey after the 1999 Kocaeli and Duzce
earthquakes (Figs. 1.26—1.29), and in Pakistan after the 2005 Kashmir earthquake
(Fig. 1.30).

Following the example in Fig. 1.31 and other spontaneous examples, the govern-
ment of Pakistan approved dhajji 1 year after the earthquake and bhatar 2 years after
the earthquake for government assistance. By 2009, a mere four years after the earth-
quake, there are “at least 150,000 new homes” constructed in northern Pakistan in
either of these two traditional typologies [49].



Figure 1.26 View after the 1999 Duzce, Turkey, earthquake showing collapsed reinforced
concrete building immediately adjacent to a traditional fumus residence with only one panel of
brick infill missing.

Photographer unknown, image provided courtesy of Adem Dogangun.

Figures 1.27 and 28 This family were living in Diizce, Turkey, in the house in Fig. 1.27 at the
time of the 1999 Diizce earthquake. At that time he was constructing a new house of reinforced
concrete. After the earthquake, when he saw that so many RC buildings had collapsed, he
stopped the construction and began instead to build a house in Amis construction shown in
Fig. 1.28.
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Figure 1.29 The interior of the new house being constructed by this family shown in Figs. 1.27
and 1.28 being built of traditional Turkish Ammis construction.
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Figure 1.30 Dhajji-dewari building in rural Pakistan, Kashmir, after the 2005 earthquake,
showing the few missing wall panels of infill masonry.

Figure 1.31 The owner and carpenter of a new house under construction in rural Pakistan near
to the building shown in Fig. 1.29 after the earthquake destroyed the owner’s original rubble
stone home, the ruins of which are on the right. The decision to reconstruct in dhajji
construction was because the one home in the village that did not collapse was of that
construction and the reinforced concrete village store collapsed.
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Now, over the course of our new 2lst century, there have been increasing
numbers of students and professors of architecture and engineering turning their
attention and interest toward examples of vernacular construction. Both Indian and
Pakistani dhajji-dewari and Turkish himis have begun to be explored for their
seismic resistance in India and Pakistan, as well as in Turkey, Italy, and Haiti.
Perhaps soon, the lessons to be learned from these premodern and preindustrial
forms of construction that date back to ancient Rome and even to ancient Minoan
civilization can become an inspiration not only for heritage preservation but also
even for methods to introduce an increased resilience into modern buildings of steel
and reinforced concrete.
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2.1 Introduction

Since the Industrial Revolution, human activity has put an increasing strain on the envi-
ronment — consuming both renewable and nonrenewable resources at rates previously
unseen in the natural ecology of the planet Earth. The mechanization of processes, the
creation of factories and the use of coal as a fuel source beginning towards the end of
the 18th century improved the quality of life for people at the time by enabling a period
of economic growth but also created a dependency on energy needed to fuel these new,
mechanical technologies. In addition, new synthetic materials began to be used in place
of natural materials. In construction, the increased use of steel required the mining and
intensive processing of iron ore—consuming large amounts of energy and resulting in
the emission of pollutants into the environment. In the 250 years since the Industrial
Revolution, about 337 billion metric tons of greenhouse gases have been added to
the atmosphere, with an increasing percentage attributed to industrial activities
(Fig. 2.1), especially cement manufacturing, which currently makes up about 0.8%
of global emissions (Fig. 2.2) according to Boden et al. (2010). The production of
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Figure 2.1 Trends in global carbon dioxide emissions (Boden et al., 2010).

Nonconventional and Vernacular Construction Materials. http://dx.doi.org/10.1016/B978-0-08-100038-0.00002-0
Copyright © 2016 Elsevier Ltd. All rights reserved.


http://dx.doi.org/10.1016/B978-0-08-100038-0.00002-0

38 Nonconventional and Vernacular Construction Materials

% Global carbon emissions from 1750-2010

100%
90%
80%
70%
60%
50%
40%
30%
20%
10% e

0% —— -
1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000

———Gas fuel consumption Liquid fuel consumption

Solid fuel consumption

Cement production
——— Gas flaring

Figure 2.2 Sources of global carbon emissions from 1750 to 2010, showing the increasing
contribution of cement production (Boden et al., 2010).

greenhouse gases at this rate is not sustainable and action must be taken to reduce the
burden of anthropogenic activities on the environment, particularly for the mitigation
of climate change.

Current concerns about dwindling reserves of nonrenewable resources and the
increasing importance of global climate change are driving the search for more sustain-
able practices. This includes the use of locally produced materials, with a preference
for using renewable resources and waste products that require minimal processing.
This would lessen the environmental impact of the construction sector by reducing en-
ergy and greenhouse gas emissions related to manufacturing and transportation. In
recent years, there has been an increase in research into the use of natural and noncon-
ventional construction materials, which have suitable physical and mechanical proper-
ties for structural applications, and are desirable as ecological alternatives to more
commonly used industrialized materials. The study of nonconventional materials
and technologies (NOCMAT) for construction began in the 1970s. This field of
research has continued to grow in the decades since. The increased use of locally avail-
able natural and waste materials in construction can promote environmental sustain-
ability and aid in the eradication of extreme poverty.

Many of the world’s most poverty-stricken people live in remote locations, typi-
cally rich in natural resources. In many of these areas, the use of steel and reinforced
concrete in construction has become a symbol of economic status. These materials
are imported for use when local, natural materials can also be used to create struc-
tures that can successfully meet the intended need at a lower cost and environmental
impact (considering precautions are taken to prevent deforestation or depletion of
other resources). Organizations like ABMTENC (Brazilian Society of the use of
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NOCMAT 1996) and the International Network for Bamboo and Rattan (INBAR)
strive to achieve sustainable development and poverty alleviation by promoting
the use of these two natural resources: bamboo and rattan (INBAR, 2014).

This chapter presents a few historic and modern examples of buildings and bridges
constructed with natural and alternative materials, demonstrating the suitability of
using these nonconventional materials in structural applications, as well as their
potential for use in modern civil and bridge construction.

2.2 Natural materials in historic construction

The earliest written record of bridge construction was by Herodotus, a Sth-century
Greek historian who described a bridge built across the Euphrates River around 600
BC (Bennett, 2008). The bridge connected ancient Babylonian palaces located on oppo-
site sides of the river and was 10 m wide by 200 m in length with 100 stone piers, which
supported the wooden beams that formed the roadway. In his writings, Herodotus also
described a bridge built by Persian ruler Xerxes to cross the Hellespont (now the Darda-
nelles). This bridge consisted of two parallel pontoon bridges each made up of 314 and
360 boats, which were tied to the riverbank and anchored to the riverbed to support the
weight of the Persian (Iranian) army (with 2 million men and horses), which crossed the
river to meet the Greeks for the battle at Thermophalae in 480 BC (Fig. 2.3). In his
description, the boats were lashed together, side-by-side with ropes made of white
flax and papyrus, covered with wooden boards, then paved with a mixture of brushwood

Xerxes bridge
over the
hellespont

Figure 2.3 A depiction of Xerxes’ Pontoon Bridge, 480 BC (Johnson, 2000).
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and compacted earth to make a solid roadway. It remains that this bridge was constructed
entirely with natural materials.

Along with the writings of Herodotus, there are also records from the time of
Emperor Yoa of bridge building in China around 2300 BC. The earliest Chinese
bridges were also pontoon bridges, where sampan boats about 10 m long were fastened
side-by-side from bank to bank then covered with a walkway to provide a river
crossing. Later bridges incorporated the arch form, starting around AD 100 (Bennett,
2008)

While some natural materials have mechanical properties comparable to those of
materials more commonly used in modern construction, they do have disadvantages
of low durability when used in their natural state. Despite this, there are many bridges
made from natural materials, centuries ago, that remain standing today. These struc-
tures provide some insight into historic construction methods and show that it is
possible to work around the weaknesses of specific materials to create strong bridges
with nonindustrial materials. Four bridges from different parts of the world are
discussed — the Zhao-Zhou Bridge, the Inca Suspension Bridge at Huinchiri, the
Kintaikyo Bridge and the Living Root Bridge of Cherrapunji. These bridges were
made using regional construction techniques, utilizing local natural resources as build-
ing materials and are well designed to serve the designated function.

Zhao-Zhou Bridge The Zhao-Zhou (also Zhaozhou or Anji) Bridge is one of the
world’s oldest stone segmental arch bridges, constructed between AD 595 and 605
(Fig. 2.4). Built by Li Chun during the Sui Dynasty, the Zhao-Zhou Bridge was one
of many construction projects undertaken during the reign of Emperor Wen as part
of his desire to create a unified China (Bingham, 1941). Located in the Hebei Province
in China, the bridge is composed of limestone slabs joined with iron dovetails and
stretches about 50 m, with the largest arch spanning about 37 m. The Zhao-Zhou
Bridge has survived 1400 years through floods, earthquakes and fires without signif-
icant damage as recorded by Ling-Xi (1987).

Ling-Xi conducted a numerical analysis to assess the load-carrying capacity of the
Zhao-Zhou Bridge. This assessment used structural limit states analysis to determine
the minimum thickness of the arch required to support the self-weight of the bridge and
a 10-ton point load representing the weight of a truck crossing the bridge. Additionally,
the analysis calculated the thickness of the bridge arch required to support the 10-ton
live load when applied in different positions along the bridge. Once the minimum
thicknesses from the entire load cases were calculated, these are compared to the actual

Figure 2.4 Zhao-Zhou Stone Bridge—AD 590—600. Span 37.02 m, rise 7.05 m, radius 27.82 m
and ring thickness 1.0 m (Ling-Xi, 1987).
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thickness of the stone arch bridge to determine the factor of safety inherent in the
bridge design. For the assumed loading conditions, the bridge was overdesigned by
a factor of three in the extreme condition considered. Furthermore, the maximum
required compressive strength calculated is at least 1/10th of the compressive strength
of the limestone blocks used to build the bridge, and the maximum required shearing
stress is even less significant. Ling-Xi’s numerical analysis shows that the design of
the Zhao-Zhou Bridge is very conservative, explaining how this bridge has survived
14 centuries with minimal damage.

Inca Suspension Bridge The Inca Empire was one of the greatest in the Americas,
extending from Colombia into southern South America, and over a period of about
100 years, incorporating parts of Peru, Chile, Bolivia and Argentina into its vast civi-
lization. To maintain this expansive empire, a large network of roads and bridges were
constructed to facilitate the distribution of information throughout the territory. The
Inca, having mastered the making of textiles, used this knowledge to weave crude sus-
pension bridges from the local grass to span the deep gorges that crisscross the moun-
tainous Andean region. The technique of making these bridges has survived until
today, with a good example of an Inca Bridge remaining in Huinchiri, Peru (Fig. 2.5).

Similar suspension bridges made from woven plant fibres had already been con-
structed in mountainous regions of Asia centuries before the Inca created their grass
bridges. These bridges include the Anlan Bridge in China (AD 300) and the Vine
Bridges of the Iya Valley, Japan (AD 1100) (Fig. 2.6). This suggests that ancient so-
cieties found the suspension bridge form to be ideal for spanning long distances,
requiring minimal material and resulting in lightweight structures. Each bridge is
made from intertwining plant fibres to create cables, which serve as the main structural
components of the bridge. The Anlan Bridge is made with bamboo rope, the Iya Valley

Figure 2.5 Inca suspension bridge in Huinchiri, Peru.
Photo credit: Rutahsa Adventures.
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Figure 2.6 Ancient suspension bridges made from plant-fibre ropes: Anlan Bridge, Chengdu,
China (Photo credit: Prince Roy) and lya Valley Bridge, Kazurabashi, Japan (Photo credit:
Osaki).

Bridges are made with Wisteria vine rope and the Inca Suspension bridge is made with
local grass rope. While the Anlan Bridge and some of the Bridges of the Iya Valley
have now been reinforced with modern materials, the grass bridge at Huinchiri remains
as it was built in Inca times (ChinaTourOnline, 2014; Atlas Obscura, 2014, accessed
27.07.14). The Inca Bridge at Huinchiri has a 33-m span, but what makes this bridge
especially remarkable is the stone abutments supporting it. The stone abutments pene-
trated about 60 m of rock without the technologies available today (Ochsendorf,
1996). Although these grass bridges have a short lifespan of only about 2 years, this
characteristic of the bridge has resulted in the knowledge of this construction technique
surviving until today. The bridge is rebuilt every year in a 3-day-long festival with full
participation of the approximately 500 members of surrounding communities. Each
family is responsible for making rope to bring to the festival, where these chords
are woven into larger cables, which will form the main structure of the bridge.

A study carried out by Ochsendorf (1996) calculated the load capacity of the bridge
at Huinchiri. This study involved laboratory testing and field measurements, first con-
ducting laboratory tests on ropes and cables collected from a previous bridge (one that
had been taken down to be replaced), then by conducting field measurements of an
actual bridge to calculate the in situ capacity of the bridge. The field measurements
were taken when the bridge was the same age as the rope samples tested in the labo-
ratory so that tensile resistance of the cables determined from testing could be used in
the determination of the capacity of the bridge to the greatest degree of accuracy. It was
determined that the bridge could support a maximum of 56 people assuming each to
weigh about 75 kg, creating the maximum tensile force in each of the four main cables
supporting the bridge structure.

During the height of the Inca Empire, hundreds of these bridges crisscrossed the
Andean Region in a network of roads covering nearly 10,000 km (Hyslop, 1984).
The larger of these bridges easily spanned 50 m — free spans that could not be
achieved with the available 16th-century Spanish technology, and spans longer than
that of any masonry bridge that had been built up to that point in history (Ochsendorf,
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2006). A plan to replace the Inca suspension bridge over the Apurimac river with a
masonry arch bridge during 1588—1595 was abandoned due to high costs and high
mortality rates associated with the project (Harth-Terre, 1961). The Inca bridge
technology was not surpassed until the 19th century, where only the advances of
the Industrial Revolution provided other means of crossing the deep gorges of the
Andes (Ochsendorf, 2006).

Root Bridge of Cherrapunji The region of Cherrapunji (also Cherrapunjee), India
is one of the wettest places in the world, receiving up to 9.3 m of rainfall in one calendar
month (July 1861). Besides this, Cherrapunji is also home to bridges unlike any other in
the world. These bridges are made from the roots of living trees (Fig. 2.7). The trees
used to create these bridges are a type of rubber tree, Ficus elastica, native to the region.
These trees have aerial roots, which locals guide from one side of an area they would
like to cross to another (using the hollowed-out trunks of the betel palm) where they
take hold and continue to grow, eventually forming the strong mesh of roots
that form the bridge structure. The initial process of forming the bridge can take
10—15 years before it is ready for use. Many of these bridges present in Cherrapunji
today have existed for centuries and continue to gain strength as they grow.

The roots of the F. elastica serve the added function of stabilizing the soil and pre-
venting soil erosion due to the massive amounts of rainfall regularly experienced in the
Cherrapunji region (Atlas Obscura, 2014, accessed 28.05.14). There have been no en-
gineering analyses of the Cherrapunji root bridges to date, however, making a few as-
sumptions the maximum load capacity of these bridges can be estimated. The main
assumptions used for this approximation are that the bridge acts as a cable subjected
to a uniform applied load and that the aerial roots of F. elastica have the same mechan-
ical properties as the wood of Hevea brasiliensis, the more common species of rubber
tree. Using the geometry of the bridge shown in Fig. 2.7, the sag was determined and
equilibrium equations were subsequently used to solve for the maximum load that the
bridge can support, producing the maximum tensile stress in the bridge material.

Figure 2.7 Cherrapunji root bridge in India.
Photo credit: Kumar.
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The maximum distributed load that can be applied to the bridge is approximately
1545 kg/m. This corresponds to a total load of 46,350 kg, which is the equivalent of
about 660 people standing on the bridge (at 70 kg per person). The results of this calcu-
lation would need to be updated with the density and tensile strength of F. elastica, but
this initial analysis gives a close approximation to the actual load capacity of this tree
root bridge in Cherrapunji, India. The results of this analysis show that the bridge is
well designed to safely carry the expected loads in its application as a pedestrian
walkway.

This brief overview of historic constructions shows the importance of continued
research and development of different materials for use in construction. Since the
development of industrialized materials, including steel and concrete, natural materials
have been abandoned for their structural use. While the mechanical properties of nat-
ural materials are less predictable than those of the industrial materials, they are readily
available in many rural locations and can be used with significantly less processing.
The availability of steel and cement, on the other hand, depend on the presence of fac-
tories and an abundant feedstock supply to create these materials, as well as adequate
infrastructure to permit transportation to the locations for their use. Now, with energy
consumption and sustainability becoming increasingly important issues in the con-
struction industry, industrialized materials are not always optimal when there are
many natural materials that have excellent structural properties, are renewable and
require minimal energy input to be construction-ready. Therefore, as the progress of
the civil engineering industry relies on the continued development of different mate-
rials in construction, NOCMAT should be considered in the search for the
low-energy structural materials of the future.

2.3 Reinforced adobes as energy-saving
construction materials

Clay is the main material for adobe production. It is a natural, earthy, fine-grained ma-
terial. It is composed essentially of silica, alumina and water. Adobe is a type of
earthen building material consisting of sandy clay, water, straw and other organic
materials. This natural building material is traditionally produced in handmade
moulded or compressed shapes and is air-dried in a shaded area. Adobes, in general,
are used in hot and dry climates and are extremely durable according to studies carried
out by Ghobadian (1994). Adobe or earthen constructions are one of the oldest build-
ing materials in the human society; there are many known old buildings around the
world with nearly 10,000 years of history. As an example, the Bam citadel located
in Kerman—Iran (Persia) is a fortified town completely built of adobes. Ghrishnan
(1978) studied the Bam citadel, which was constructed more than 2500 years ago,
and was inhabited up to end of 19th century by nearly 10,000 people. Later in the
20th century, it was used as army barracks until 1932. Now designated as a world her-
itage site by UNESCO, this town made of adobe reinforced with wheat straw included
a fortress, more than 60 towers, caravanserais, a bazaar and hundreds of houses. On
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December 26, 2003, an earthquake destroyed the citadel (see chapter “What We Learn
from Vernacular Construction’, Fig. 1).

One of the most common types of reinforced adobe in the Bam citadel is the compo-
sition of sand, clay, straw and water, known as Kah-gel in the Persian language. In or-
der to make Kah-gel, the ingredients are mixed very well with a combination of stirring
and beating, up to a homogenized appearance. The traditional way to achieve this com-
bination is mixing with feet and tarps. The first step is throwing some crushed soil on a
tarp; next, sand is added and the two are then well mixed. The function of sand parti-
cles in the Kah-gel is as the aggregate in concrete; each particle usually has rough
angled sides preventing the high shrinkage of clay during the drying process. The
straw acts as reinforcement similar to steel or polymer fibres in a cementitious matrix.
The volume fractions of each component of the soil composites depend on their appli-
cation. Traditionally, before adding straw the weight fraction of sand is between 50%
and 85% and that for clay between 15% and 50%. The weight fraction of the straw is
based on the sand—soil mixture: the more clay in the mix, the more straw is used. As a
rule of thumb, the amount of straw will not be greater than 30%. One of the main ob-
jectives of using natural fibres as reinforcing elements with soil matrices is to prevent
cracking of the soil resulting from shrinkage. Tensile shrinkage cracks in the soil are
mainly due to rapid and non-uniform drying. Reinforcing fibres in the soil matrices
prevent cracking by adhesion or bonding (Ghavami et al., 1999; Miraki et al., 2006).

The large application of soil as a construction material in the 21st century is built on
the knowledge of the chemical, physical and mechanical properties of adobe. For
example, by the 1920s, X-ray diffraction techniques allowed determination of the
structure of the clay minerals while its chemical composition was obtained
using infrared spectral analysis. In general, it is agreed in Pineda-Pinon et al.
(2007), Ramirez et al. (2007) and Ghobadian (1994) that the atomic lattices of most
of the clay minerals consist of a unit in which a silicon atom is at the centre of, and
equidistant from, four oxygen or hydroxyls arranged to form a tetrahedron. Another
structural unit consists of two sheets of closely packed oxygen atoms, hydroxyls
have aluminium, iron or magnesium atoms sandwiched between them. Each metal
atom is in the centre of, and equidistant from, six oxygen atoms arranged in an
octahedron.

2.3.1 Adobe attributes and properties

One of the most significant characteristics of adobe is the return to its original natural
state without any waste. For example, when adobe loses its performance it is returned
to the environment as agricultural soil. From an economical point of view, adobe is
categorized as the least expensive building material, since clay, as its primary raw ma-
terial, is widely found in different areas around the world. Additionally the production
process of adobe does not need high-energy consumption or complicated equipment.
Moreover using materials like wheat straw for reinforcing the soil is actually convert-
ing a minor agricultural product into a valuable building material. Table 2.1 presents
the amount of energy required for adobe production in comparison with other building
materials (Ghavami et al., 1999).
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Table 2.1 Comparative primary energy requirements of building
materials (Ghavami et al., 1999)

Very high energy MJ/kg) High energy Per (MJ/kg)
Aluminium 200—250 Steel 20—60
Copper 100+ Lead, zinc 25+
Stainless steel 100 Glass 1225
Plastics 50—100 Cement 5—8
Medium energy Low energy
Lime 3-5 Sand <0.5
Clay bricks and tiles 2=T7 Fly ash <0.5
Concrete Soil <0.5
Blocks 0.8—3.5 Adobe <0.2
Precast 1.5-8.0

Adobe is one of the best energy saving materials used in building construction. The
adobe is fabricated manually, air-dried in a covered open space with voids left in be-
tween the adobe blocks. The voids cause a reduction in the heat transfer rate between
the inside and outside of the building. As a comparison, the thermal conductivity co-
efficient for adobe ranges from 0.5 to 0.7 W/m k while that for concrete and burned
brick ranges from 1.4 to 1.6 W/m k, respectively (Miraki et al., 2006). Adobe tensile
strength is low in comparison to that of other building materials. Adobe compression
strength varies between 1 and 7 MPa (Badillo and Rico, 1997), whereas the compres-
sion strength of concrete is 20 to 60 MPa.

Adobe is highly permeable; air moisture, rain and snow are absorbed quickly into
the material causing soil particles to expand; therefore, adobe does not possess good
stability in humid regions. Crack growth is a considerable weakness that reduces the
reliability of adobe for use in modern buildings. Use of natural fibres can provide rein-
forcement and bridge cracks in adobe.

2.3.2 Improvement of physical and mechanical properties
(fabrication stage)

The dimensional changes of natural fibres due to moisture and temperature variation
influence three adhesion characteristics. During mixing and drying of the soil, the fi-
bres absorb water and expand. The swelling of the fibres pushes away the soil, at least
at the micro-level. Then at the end of the drying process, the fibres lose their moisture
and shrink back almost to their original dimensions leaving very fine voids around
themselves. The swelling and shrinkage of a natural fibre in drying soil, as shown
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Figure 2.8 Interaction of natural reinforcing fibre and drying soil.

in Fig. 2.8, create limitations in the use of natural fibres with soil matrices (Ghavami
et al., 1999).

Another effect of natural fibres is increasing the ductility of the adobe. For
example, the influence of an optimum 4% of natural fibres (coconut and sisal) on
the ductility of the adobe is illustrated in Fig. 2.9. It can be seen that for the natural
soil the final failure occurs immediately after the ultimate load. However, in tests
on soil with 4% natural fibres work softening occurs. This can be explained by consid-
ering the redistribution of internal forces from the soil matrix to the reinforcing fibres.
After final failure, the soil—fibre composite does not disintegrate completely in
contrast to natural soil specimens. In addition, the fibres hold the soil matrix together
and no rupture of fibres occurs, although Ghavami et al. (1999) observed an insignif-
icant loss of fibre bond.

In addition to natural fibres, different types of supplementary materials can be
added to the mixture as described next, resulting in a spectrum of adobe materials,
each having specific advantages (Zemorshedi, 1998).

* Ordinary adobe composed of homogeneous sandy clay and water shaped into different di-
mensions of bricks by means of wooden frames.

* Mineral clay, powdered stone and water are mixed and an alternative form of adobe is
produced.
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Figure 2.9 Influence of 4% fibres on the stress—strain relationship of the adobe.



48 Nonconventional and Vernacular Construction Materials

* Composition of clay, small size sands, straw and water, which is described previously as
Kah-gel. Using straw causes a significant increase in adobe strength, also binding adobe in-
gredients together. Further, small sands increase adobe stability and compressive strength.

* Mixture of clay and ash. There is a little fat in ash that causes a reduction in water absorption
of adobe. The colour of this type of adobes is grey and is useful for humid regions.

* Adding dung to clay causes significant reduction in adobe moisture diffusivity. This type of
adobe has a greater resistance to separation of particles affected by water absorption, so it is
usable for humid climates.

* Adding goat hair to clay. The crack growth in the adobe produced by this composition is very
low and in some cases disappears completely.

* Rice husks are added to clay causing a reduction of crack growth.

* Mixing some plant roots and clay will result in the increase of adobe strength.

* Mixture of clay and date fibre. The strength of this adobe is better than ordinary adobe.

* In place of organic materials, it is possible to use conventional building materials such as
cement, lime and bitumen to improve the stability of adobes.

The supplementary materials should be mixed with clay homogeneously; other-
wise, shrinkage and expansion of adobe will be different in different locations and
adobe performance decreases.

2.3.3 Effective use of adobes in building construction
(building construction stage)

Before using adobes in building construction, factors such as climate type, yearly
amount of rain, time of the maximum rain in year, the amount of reduction of temper-
ature in rainy days, day and night temperature difference and the amount of air mois-
ture should be considered (Zemorshedi, 1998). Adobe is used mostly in hot and dry
climates, and because humidity is not considerable in such areas, the building struc-
tures are extremely durable. In order to construct adobe buildings in humid regions
walls must be constructed on a stone plinth of more than 25 cm in height in order
to prevent moisture diffusion from the ground. In addition, as adobe absorbs the hu-
midity quickly, the walls should be covered by plaster of clay and straw. This makes
a homogeneous composition with the adobe, as soil, plaster of clay and straw belong to
the renewable earthen building materials group.

2.4 Bamboo material for the 21st century

To facilitate bamboo becoming a commonly used engineering material, substituting
conventional materials, certain steps such as plantation, harvesting, curing, treatment
and posttreatment process should be considered. Additionally, a thorough statistical
analysis of physical, mechanical and meso-, micro- and nano-structural properties of
the whole bamboo culm should be carried out. In the following, some results are pre-
sented establishing such properties. Such an approach helps the user to obtain bamboo
with the desired properties for his or her project.
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2.4.1 Efficiency of bamboo compared with other materials

The structural efficiency of bamboo compared to that of other engineering materials,
considering the relation between their elastic modulus, E, and density, p, using ma-
terial selection method, was developed at Cambridge University by Ashby (1992)
and Wegst et al. (1993) and is shown in Fig. 2.10. The line presenting the efficiency
factor C = E'%/p applies to the properties of bamboo. Materials that have a better
performance than bamboo are situated above the line and those having a poorer
structural efficiency are below the line. It is noted that only palm trees are in the
same range as bamboo while steel, concrete and aluminium are situated far below
the line.

2.4.2 Scientific research of the application of bamboo in
engineering

Isolated and sporadic scientific research on engineering applications of bamboo dates
back to 1914 in China and the United States. In years that are more recent, research has
extended to Germany, Japan, India and the Philippines, among other countries.
In Brazil, the first scientific studies in relation to bamboo were initiated in 1979 by
Ghavami and Hombeeck (1981), Culzoni (1986), Ghavami and Zielinski (1988) and
Ghavami and Moreira (2002). Since then, various research programmes were devel-
oped into the use of bamboo and natural fibres (sisal, coconut fibre, piassava, curaua
and bamboo pulp) as low-cost and energy-saving materials for civil construction,
particularly focussing on the use of bamboo as an alternative for steel reinforcement
in concrete structures and for spatial structures (Ghavami, 1990, 1986, 1989, 1995).
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Figure 2.10 Performance of bamboo and other materials, in relation to the Young modulus and
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2.4.3 Bamboo as a functionally graded composite material

Bamboo is a composite material, consisting of long and aligned cellulose fibres
immersed in a matrix of lignin. The distribution of fibres through the culm-wall thick-
ness varies. This presents a functionally graded material (FGM) Amada (1996),
Ghavami et al. (2003a,b), Ghavami and Marinho (2005). The FGM develops as in
accordance with the stress distribution in the culm as it grows in its natural environ-
ment. As shown in Fig. 2.11, the fibres are concentrated towards the outer
culm-wall in a manner that helps the culm to resist wind forces (by increasing the
effective section moment of inertia) to which they are constantly subjected.

In establishing the mechanical properties of bamboo in the elastic range, the rule of
mixtures for composite materials, which accounts for the properties of the fibres and
matrix constituents and their volumetric fractions, is used. Eq. [2.1] presents the calcu-
lation of the elasticity modulus of a composite, E., where Er and E, are the elasticity
modulus of the fibres and matrix, respectively. V¢ and Vy, are the volumetric fractions
of the fibres and matrix respectively.

E. =EVi+EnVnm or E.=EfVi+ Em(l - Vf) [2.1]

The use of Eq. [2.1] assumes long and aligned fibres distributed uniformly within
the matrix and having perfect bond with the matrix. However, as seen in Fig. 2.11, the
fibre distribution, as well as the size of the fibres, varies through the thickness of the
bamboo culm-wall. In order to use Eq. [2.1] for the analysis of bamboo, the fibre vari-
ation and volume fraction through the culm-wall thickness should be taken into ac-
count. In Eq. [2.1], this is taken into account by defining the fibre volumetric
fraction as a function of x, the distance through the culm-wall, measured from the inner
culm-wall (ie, V¢(x) in which x varies from O to ¢, the culm-wall thickness):

&
I

f(x) = Efo(x)—i— En(l — Vf(x)) [2.2]

Figure 2.11 Fibres distribution on cross section of bamboo.
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The variation of the fibres through the thickness of the culm-wall, Vi{(x), may be
determined using digital image processing (DIP), for instance. This procedure was
applied to two types of bamboo: Moso (Phyllostachys heterocycla pubescens) and
Dendrocalamus giganteus. Moso is of a cylindrical shape, as are most bamboo spe-
cies. However, in this study a square bamboo, produced artificially by growing the
culms in restraining metal plates, was analysed to investigate the nonuniform distribu-
tion of the fibres not only through the culm-wall but also around the perimeter of the
culm. A slice was cut from this ‘quadratic bamboo’ culm from which two samples
were taken, one from a straight part and one from a curved corner, as shown in
Fig. 2.12. The two samples were compared for the difference in fibre distribution
through their thickness (Ghavami et al., 2003a,b).

As seen in Fig. 2.12, the sample from the curved part of the quadratic bamboo has a
uniform distribution of fibres through the cross section in comparison to the sample
from the straight part. Using data presented in Fig. 2.13, the mean volume fraction
variation of fibres was found to be that given by Eq. [2.3], giving a value of V¢ that
varies from 0.12 at the inner culm-wall to 0.61 at the outer:

Vi (x) = 49.83x% — 0.49x + 12.01 [2.3]

The DIP approach was used to study the variation of fibre volume fraction along the
length of bamboo D. giganteus. For this purpose, three samples were taken from the
base, middle and the top part of bamboo culm, as shown in Fig. 2.14. The variation

Figure 2.12 Samples of bamboo Moso (Phyllostachys heterocycla pubescens).
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Figure 2.15 Variation of fibre distribution across the bamboo thickness at base, middle and
top part.

of fibre volume fraction across the thickness of bamboo, Vi(x), at each of these sections
is given in Fig. 2.15. The fibre distribution is uniform at the base than at the top and
middle parts. This difference can be explained considering that at the base, the bamboo
is subjected to maximum bending due to wind and is supporting a greater self-weight
(Ghavami and Marinho, 2005).

There is no simple and specific scientific method yet for categorizing different species
of bamboo. Liese (1992) observed that the morphology of the vascular bundles of various
types of bamboo differ one from another. A research programme is under way to classify
bamboo according to the morphology of their vascular bundles, using DIP.

2.4.4 Mapping of physical and mechanical properties
of full-culm bamboo

This section presents the mapping of the physical properties of the full-culm bamboo.
The bending strength of culms of the following bamboo species is presented:
D. giganteus, Guadua angustifolia, Guadua tagoara, Phyllostachys heterocycla pubs-
cens (Moso) and Phyllostachys bambusoides (Matake) (Ghavami et al. (2003a,b) and
Ghavami and Marinho (2005)).

This information permits the civil, agricultural and forestry engineer, the architect
and, in general, people working with bamboo to easily choose an appropriate bamboo
for their projects and analyse these with the correct dimensions and properties.

2.4.4.1 Dimensions of the bamboo culm

Fig. 2.16a identifies culm dimensions and coordinates along the culm. The equivalent
external diameter (D) of each internode having length, /, was determined from
measured values of the circumference. To determine the wall thickness (¢), three bor-
ings of 5-mm diameter were made in each internode, as can be seen in Fig. 2.16(b),
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Figure 2.16 Coordination, positions of borings and device for measuring the culm wall.
(a) Axis of the coordinates. (b) Borings along the bamboo. (c) Developed devise for measuring
the thickness.

through which a special designed device was introduced and the thickness measured
(Fig. 2.16(c)). Variations of these dimensions along the culm height are shown in
Fig. 2.17(a) and best-fit equations for diameter and wall thickness are given in
Table 2.2. Based on these geometry values, the value of the elastic section modulus
(Z) along the culm height may be calculated and, from fundamental mechanics, the
extreme-fibre bending-induced stresses (g1,) determined using an estimate of the
bending moment due to wind loading (M,).
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(b) External diameter in relation to number of internode along the bamboo culm. (c) Wall
thickness in relation to number of internode along the bamboo culm.
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Table 2.2 Mathematical equations determining the wall thickness and

external diameter in relation to the culm length

Equation of thickness

Equation of diameter

Dendrocalamus giganteus

Guadua angustifolia (SP)

Guadua angustifolia (RJ)

Guadua tagoara

t=-3x 10’ 22 + 0.013z
—0.872z + 15.303

t = —3.8321n(z) + 16.475

t=15.937702%7

= —0.00022° + 0.030z%
—1.348z + 22.96

Bamboo species t = f(z) (cm) D = f(z) (cm)

Phyllostachys heterocycla t=—0.00927> 4 0.2977% D = —0.04757" — 5.061z
pubenscens — Moso —3.607z + 22.75 + 118.95

Phyllostachys t=—0.00142> + 0.0562% D =—0.193z> — 1.072z
bambusoides — Matake — 1341z + 17.44 + 1144

D = —0.0192° + 0.1697>
—3.176z 4 130.19

D = —0.0004z* +
0.041z> — 1.3087%
+ 7.425z 4+ 87.63

D = —0.654z* — 4.5962
— 142.62

D= —0.1377* —
1.944z + 108.96

2.4.4.2 Data for the selection of bamboo for
engineering projects

The variation in internode length, /, is shown in Fig. 2.17(a). Near the base of the
culm, the internode length is smaller; it reaches a maximum value in the central
part and decreases again in the upper part of the culm. This geometry occurs for all
studied bamboo species. The variation of external diameter and culm-wall thickness
along the height of the culm are presented in Fig. 2.17(b) and (c), respectively. The
external diameter, D, shows a near linear behaviour, with the values decreasing
from the base to top. By contrast, the wall thickness, ¢, shows a great variation along
the culm and from species to species. It can also be seen in Fig. 2.17(a) that differences
occur among culms of the same species, grown in different places. An example of this
is the G. angustifolia from Sao Paulo and the same species planted in the Botanical
Gardens of Rio de Janeiro, which presented differences in values of the internodal
length, wall thickness and external diameter. This difference could occur in relation
to the variation of climate, surrounding vegetation and altitude at each location.
Table 2.3 shows approximate nondimensional values of wind-induced moment

(M_m) elastic section modulus (Z) and bending-induced flexure stress bending

stress (JT,), at heights of 2 m (base), 7 m (intermediate) and 12 m (top) along the

culms. The nondimensional values are normalized by the greatest value of each
parameter (at the base of the culm) in each case. The results indicate that despite being
cultivated in different countries and are harvested at the ages between 2 and 3 years,
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Table 2.3 Nondimensional deflection moment, resistance modulus and
bending stress in three lengths along the culm (z), in relation to
analysed bamboo species

Deflection moment Resistance Bending stress
Bamboo species (M) modulus (Z,,) (v)
Z (m) 2 7 12 2 7 12 2) 7 12
Phyllostachys 0.76 | 0.30 | 0.06 | 0.44 | 0.20 [ 0.05 | 0.91 | 0.82 | 0.68
heterocycla
pubescens
Phyllostachys edulis | 0.70 | 0.22 | 0.02 | 0.61 [ 0.20 | 0.02 | 0.94 | 0.80 | 0.48
Riv (Amada,
1996)
Phyllostachys 0.82 | 0.44 | 0.17 | 0.71 | 0.41 | 0.15 | 0.86 | 0.79 | 0.86
bambusoides
Guadua 0.82 | 0.44 [ 0.02 | 0.73 | 0.24 | 0.10 | 0.83 | 0.53 | 0.15
angustifolia — SP
G. angustifolia — 0.82 [ 0.58 | 0.18 | 0.65 | 047 | 0.13 | 0.68 | 0.67 | 0.75
JB
Guadua tagoara 0.78 [ 0.29 | 0.04 | 0.78 | 0.46 [ 0.20 | 0.90 | 0.60 | 0.22
Dendrocalamus 0.78 | 031 [ 0.04 | 0.70 | 0.45 | 0.18 [ 0.99 | 0.62 | 0.21
giganteus

bamboo maintains mechanical characteristics similar to each other. In Table 2.3, one
can also observe how G. angustifolia varies from culms grown in the State of Sao
Paulo to the ones from Rio de Janeiro.

2.5 Application of natural and alternative materials in
modern bridge construction

Despite the vast pool of research demonstrating the benefits of natural and alternative
building materials, they have yet to be widely adopted in common construction prac-
tice. Nonetheless, a few innovative structures have been built incorporating noncon-
ventional materials to produce some remarkable works of engineering.

In 2007, Shigeru Ban designed a temporary bridge made of recycled paper tubes,
which was assembled across the Gardon River in southern France (see chapter ‘Paper-
board Tubes in Structural and Construction Engineering’, Fig. 16.13(e)). The bridge,
located just half a mile from the Pont du Gard, provides a material contrast with this
ancient Roman stone arch bridge. The 7.5-ton structure was constructed of 281 paper
tubes 10 cm in diameter having 1.3-cm wall thickness. Cardboard is lightweight and is
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easy to dismantle and to collect locally. Twenty-seven architecture students from
France and Japan erected the structure over the course of one month and tested it using
balloons filled with 1.5 tons of water to ensure that it would support the intended
20-person design load (Dilworth, 2007).

Notable bamboo bridges include the Crosswaters Ecolodge, Jenny Garzon,
Coquiyo and Cuicuta bridges. The main structure of the Crosswaters Ecolodge Bridge
in Huizhou, China, and the Jenny Garzon Bridge (see chapter ‘Bamboo Design and
Construction’, Fig. 14.2) in Bogota, Colombia — which are of similar design — is a
trussed arch made up of thick bamboo bundles with a concrete abutment to maximize
the load-carrying capacity of the bridge. Additionally, the bridges are covered with a
ceramic-tiled roof to protect the structure from the elements and to further increase the
longevity of the structures.

The bamboo bridge in Coquiyo, Colombia, has a span of 52 m. Its main structural
components include two arches each made up of bundles of 12 bamboo poles.
The main structure of the bridge in Cucuta, Colombia, also includes two arches —
one on each side of the pedestrian walkway — to support bridge loads and also includes
two bamboo masts that support a tensioned fabric roof (Rottke, 2002; Wright, 2010).

Although little technical information is available for many of the aforementioned
structures, they demonstrate natural and nonconventional materials used successfully
in structural applications. It will take much work, however, for the use of these mate-
rials to gain full acceptance within the realm of modern engineering practice.

2.6 Concluding remarks

There are instances in which promising research was misinterpreted or methodologies
and/or materials were misused resulting in the failure of products, which had already
and could still greatly benefit humanity. Hemp was such a product that fell victim to
defamation in the press and lobbying from industrialists who then wanted to introduce
synthetic fibres such as Nylon, produced by DuPont, whose main shareholder was at the
time the secretary of the treasury. Hemp was declared as an illicit plant and as being
linked to drug abuse and crime, (Hounshell and Smith, 1988). Crops were destroyed
on the order of government agencies despite existing publications by Dewey and Merrill
(1916), chief scientists at the Department of Agriculture, pointing out the potentials and
superior qualities of hemp for the fabrication of paper and rope. The use of hemp in an
engineering context was mostly abandoned because of conflicting business interests.
A new era began. There is no doubt that new synthetic materials have found their way
into our daily lives but we should always consider that natural materials, in use for thou-
sands of years, might be equal or superior to equivalent industrialized materials. As
described in this chapter, these natural materials, when locally available, are sustainable
and generally do not pollute our environment, indeed, in some cases, they may even fil-
ter pollution caused by the production of industrial materials. The scientific knowledge
collected by researchers on natural materials and technologies needs to be taught as a
mainstream topic at colleges and universities. It is of utmost importance that research
findings are published and easily available facilitating the search for new solutions.
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3.1 Introduction

The global middle class includes over 1.8 billion people and is expected to nearly triple
to 4.9 billion people by 2030 (Kharas, 2010). Growth of population and economies
strains scarce natural resources and impacts local and regional stability. Sustainability
is now a central tenet of design theory that serves to mitigate these impacts. Sustainable
design seeks to minimize the environmental and social impacts of a given product and
its material components as well as its journey from cradle to grave. Achieving true sus-
tainability is not always easy; it requires one to navigate complex decisions and weigh
the costs and benefits of different alternatives. Impending resource constraints and the
looming effects of climate change mandate that sustainable practices be adopted to
reduce waste and ensure that global needs are satisfied in the short and long terms.

Shelter is a basic human need, providing safety, security, and a sense of home. Con-
struction materials for shelter vary widely around the world depending on regional
availability and material cost as shown in Fig. 3.1. In some areas, common resources
for construction like lumber and clay are limited, leading to the development of inno-
vative, low-cost, and renewable alternatives. Nonconventional and vernacular con-
struction leverages indigenous knowledge, use of local building materials, and
sustainable design principles to optimize resources for construction. Emerging devel-
opments in design combine historical context with innovative technologies resulting in
more efficient and resilient buildings.

For the purposes of this chapter, a conventional material is characterized by wide-
spread use, industrialized processing, and minimal unit costs. Conventional materials
are well integrated into global supply chains and are used pervasively without consid-
eration of local needs. Low production costs through mass-manufacturing and a broad
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Figure 3.1 Shelter with nonconventional and conventional material examples.

customer base, achieved by leveraging global distribution, drives the use of conven-
tional materials. Conventional materials are processed to ensure standardization and
quality output. New technologies are developed to optimize manufacturing productiv-
ity to minimize cost. Steel, concrete, and wood are common conventional materials for
buildings, with concrete being the most abundant construction material worldwide
(Aitcin, 2000).

In contrast to materials found throughout global supply chain networks, “noncon-
ventional” materials are used for their cultural, environmental, or technological bene-
fits. Vernacular materials symbolize and can be derived from traditional customs and
cultural activities. Adobe, rammed earth, and thatched roofing are examples of vernac-
ular materials in use today (Miqueleiz et al., 2012; Pacheco-Torgala and Jalali, 2012;
Kramer, 2013). Sustainable materials can also seek to mitigate potential negative envi-
ronmental and social impacts. Some examples include renewable resources such as
bamboo (Gatdo et al., 2014), straw bales (Veerbeck and Ponet, 2012), and biomass
or recycled waste products such as plastic and used cotton. A third subset of noncon-
ventional materials includes materials recently developed through research and tech-
nological advancements. Many newly developed materials exhibit improved
material resilience to environmental shocks such as earthquakes and floods. For
example, natural fiber-reinforced bricks increase tensile strength necessary for earth-
quake protection (Binici et al., 2005).

Truly sustainable construction practices require the consideration of material exter-
nalities, such as cultural relevance, environmental degradation, and social impacts.
However, designing for sustainability can compromise material affordability and
mass-availability. Further, without rigorous supply chain analysis, seemingly sustain-
able or technologically appropriate materials can actually lead to worse impacts than
their conventional alternatives. We suggest new criteria for analyzing material choices,
called “sustainable-scale,” which combines the attributes of nonconventional materials
and the scale of conventional materials as seen in Fig. 3.2.
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Figure 3.2 Material sourcing and potential for scale.

A truly sustainable material should have minimal environmental impact and
reduced material consumption. Extraction and use of these materials should also be
conducted in a socially responsible manner. It is important that materials are analyzed
for their sustainability within different contexts. The use of a material that is considered
environmentally benign in one region may be a threat to the ecosystem in another
region. For example, bamboo, with its high natural tensile strength and fast growth
rate, may seem like a global solution to reducing deforestation by replacing timber
as a primary construction material source. However, excessive demand of this material
can lead to the destruction of forests to make room for bamboo plantations, as is
currently taking place in China (Gallagher, 2011). Similarly, locally sourced stone
can cause more environmental damage than imported wood or bricks depending on la-
bor practices associated with quarrying and timber extraction. If local resource extrac-
tion relies on worker exploitation and dangerous conditions, imported materials can
provide a more sustainable solution. Security and reliability issues often accompany
imported materials. Resource-rich regions must create measures to protect against
material overuse. Further, some nonconventional materials may satisfy the criteria
for sustainability but lack the characteristics for scalability. For example, shredded cur-
rency notes can serve as building insulation, as indicated by an artist who used
1.4 billion shredded Euros to construct his house in Dublin, Ireland (Carbone,
2012). However, the use of recycled money as a construction material is not a scalable
or replicable solution. A material of sustainable-scale optimizes the sustainability con-
straints while also being replicable, low-cost, and accessible to the masses.

While these constraints may seem overwhelming, there are several tools to help en-
gineers make appropriate decisions when using nonconventional materials for con-
struction. In the next section, we step through life cycle analysis, which can be used
for rigorously comparing the impacts of different materials for a construction project.
This approach identifies the limitations for materials to be sustainable within the
context of a specific project. We subsequently describe several technical and systemic
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design factors that are necessary for new materials to achieve sustainable scale. This
chapter provides a set of tools and considerations for design practitioners, engineers,
and materials researchers using materials that are sustainable, affordable, scalable,
and accessible.

3.2 Analyzing potential for sustainable scale

There are several decisions that must be made when choosing sustainable and scalable
materials. Material selections decisions incorporate the specific social, political, and
environmental context of the region to determine where, when, and how to source a
material. A life cycle approach addresses difficult decisions by taking a systems-
level view to conduct a cost, energy, and resource balance across the entire supply
chain of a construction project.

3.2.1 Life cycle approach

A common method of conducting a holistic comparison between different methods of
construction is life cycle assessment (LCA). A traditional LCA involves conducting a
material and energy balance for each stage of a product or process, from resource
extraction through decommissioning. The per-unit impacts of each step, such as water
use, carbon emissions, and various polluting gases like nitrogen oxides and sulfer
oxides are quantified. LCA enables intelligent decision making by normalizing overall
environmental impacts for comparison. The procedures for conducting an LCA are
composed of four main phases, officially standardized by the International Organiza-
tion for Standards as ISO 14040.

The first phase develops the goal and scope of the assessment. The goal of the
assessment helps to narrow the details and context of what exactly is being compared
between two materials. For example, a goal may be to compare the relative environ-
mental impacts of bamboo construction against modern construction in a certain
village in China. The scope of an LCA defines the boundaries of the analysis.
“Cradle-to-grave” and “cradle-to-gate” are common scopes used for various analyses.
The “cradle” in these cases refers to the earliest point of the supply chain that can be
reached, including the impacts of raw material extraction. “Gate” means that the anal-
ysis will end at the conclusion of manufacturing, whereas “grave” would follow the
analysis through use and decommission. For construction materials, “gate” would
imply an LCA that focuses only on the manufacturing of the building material,
whereas “grave” would include impacts from the construction and eventual degrada-
tion and demolition. A different scope, used for materials that are designed for recy-
cling, is “cradle-to-cradle.” Cradle-to-cradle analysis includes analysis of the
resources necessary to transform a material for reuse in a second application. In
cradle-to-cradle design, all outputs of a given cycle are transformed or transferred
into inputs to be used in a new process or product. In our example, a decision would
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be made to analyze bamboo from its growth until the house is no longer in use, or a
“cradle-to-grave” analysis.

The second phase of an LCA is the life cycle inventory (LCI). This phase estab-
lishes the material and energy balance of each life cycle stage through the collection
of supply chain data. It can be difficult to obtain sufficient data for each stage, leading
to assumptions and generalizations being made. These assumptions must be trans-
parent among decision-makers, with a qualitative explanation of how they might
impact the end results. An important consideration is which global unit should be
used to normalize the data. This may seem like an easily convertible step after an
LCA is established, but that is not always the case. A global unit may be a certain quan-
tity of material, or could be a single unit of the end product (such as whole home). Ma-
terial properties such as density, physical size, and structural strength will lead to
different quantities depending on which unit is used. For the bamboo example, data
collection would take place regarding the inputs of bamboo planting, growing, harvest-
ing, and transport. A good functional unit might be a house of standardized size, and
the necessary bamboo to construct such a building.

After conducting an LCI, the Life Cycle Impact Assessment takes place. In this
phase, previously collected data are analyzed across certain predefined metrics. One
of the more common comparisons is relative carbon emissions. This metric allows
two materials to be compared relative to their impacts on global climate change.
Contribution to acid rain, water use, and toxicity can also be used as measurements.
This analysis can be conducted through a combination of contextual data collection
and more generalized public datasets on the environmental impacts of certain
materials.

The final phase of assessment is the interpretation of results. The simplicity of this
step is dependent on the scope of the LCA’s original goal. If the goal is to compare
material impacts as measured by quantifiable numbers, then the interpretation is
largely a look at what stages and inputs lead to the greatest impacts, and overall which
has the lower impact. There is conversation among researchers about the expansion of
LCA to also incorporate socioeconomic metrics, thus creating an even more compre-
hensive comparative report on the selected materials (Norris, 2006). Interpretation in
these cases becomes more complex due to multiple simultaneous metrics. Environ-
mental impacts such as carbon emissions, toxicity, and water use must be compared
and valued against other impacts like resource availability, land-use equity, and har-
vesting complexity. For example, while bamboo is considered a strong, lightweight
material that has been shown to withstand earthquake forces (Jayanetti and Follett,
2008), locally produced bamboo can yield some negative impacts. Bamboo growth
is difficult to contain, and when wild it acts as an invasive species. Due to its invasive-
ness, bamboo requires dedicated land and active management to prevent its spread to
other areas. Regions with already limited arable land, or those that would require
deforestation to make room for bamboo cultivation, must decide whether that land
would be best suited to grow construction materials or should instead be allocated to-
ward food-based agriculture. If timber is already available, sustainable forestry prac-
tices may reduce damage to the local ecosystem, even if its per-unit carbon
footprint proves greater. An LCA of bamboo and timber construction provides the
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information necessary to navigate such a trade-off. More importantly, it reveals oppor-
tunities for significant improvement of the supply chain by indicating what stages use
the most energy and resources.

Measuring impacts of coir binderless board

Coconuts are an ample resource in many coastal regions such as Thailand,
Indonesia, the Philippines, and French Polynesia. When coconuts are harvested,
the husks are often left as a waste product. The husk of a coconut, called coir, is
70% pith and 30% fiber by weight (van Dam et al., 2004). The high lignin con-
tent of the pith, combined with the tensile strength of the fiber enable the mate-
rials to form a strong binderless insulating building material. The coir binderless
board has been shown to have similar levels of thermal conductivity compared to
more traditional insulation materials such as fiberglass, mineral wool, and poly-
urethane foams. However, coir board has a significantly lower density than
commercially available alternatives (Panyakaew and Fotios, 2011), which means
greater quantities of coir are required to produce the same insulating effect as the
mineral wool or foams.

An LCA completed by Payakaew and Fotios compared the embodied energy
of coir binderless board, fiberglass, and mineral wool. The functional unit for
the analysis was defined as “the mass (kg) of insulating board that produces a
thermal resistance of 1.0 m? K/W.” The authors chose to use a cradle-to-gate
scope, including material extraction, transportation, and manufacturing,
providing only the pre-use energy requirements of the material. Subsequently,
the inventory provided data on energy costs associated with transforming the
material from a raw material to a final product as well as information on energy
costs for comparative materials. For example, the majority of building materials
found in Thailand and French Polynesia must be imported, and the necessary ma-
terial transportation significantly raises the embedded energy of the product.
Impact assessment revealed that insulating boards made from agricultural prod-
ucts all had higher energy impacts because of the high board density; more agri-
cultural material is needed to produce the same insulating effect as traditional
materials. While agricultural boards are a local resource, they do not yield envi-
ronmental benefits over importing more traditional construction materials.
Payakaew and Fotios looked only at pre-use energy requirements and the total
life-cycle energy costs may shift if they included end-of-life and recyclability
potential to their analysis.

Decisions around material selection are of increasing importance within
resource-constrained environments with the exacerbation of climate change. LCA is
one of many frameworks that can guide projects and estimate externalized costs.
The strength of LCA is that it forces one to enumerate impacts that otherwise would
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not have been recorded. Often, many construction projects only focus on the financial
bottom line, as its effects are the most acute. However, the construction industry is a
major source of waste worldwide (Kofoworola and Gheewala, 2009; Formoso et al.,
2002; Docksai, 2014). The building and deconstruction processes lead to massive
resource utilization and the accumulation of waste, both toxic and benign. The use
of LCA illuminates the challenges to sustainable-scale construction. What characteris-
tics do new materials and construction methods require to overcome these drawbacks?
How can we leverage improved design processes to reduce the resource intensity of
construction?

3.2.2 Factors for sustainable-scale design

Nonconventional and vernacular materials are not sufficient for meeting global con-
struction needs by themselves. Improved design processes, supply chains, and
end-of-life management must accompany natural materials selection to ensure that
resources are utilized to their full potential. Before we can advocate for the increased
usage of a material, we must ensure that agricultural and resource management sys-
tems are equipped to handle the increased strain. Projects outspend their budgets or
cause unintended consequences when teams fail to view all project aspects systemi-
cally. At the onset of an initiative, one must consider resilience against various
ecosystem shocks, the presence of different failure modes, as well as when and
how a building will eventually become obsolete. Subsequently, design decisions
should account for these complex factors and attempt to create ways by which chal-
lenges to sustainability can be overcome. The following section presents a series of
design factors that influence the environmental, social, and economic costs of con-
struction projects.

3.2.2.1 Technical factors

Disassembly

To design for disassembly or deconstruction is to create products with the intention of
minimizing value loss at the end of life. In the context of an LCA, this design factor
would lead to materials that are ‘“cradle-to-cradle” in scope. Waste generation is
inherent to almost every process or service and leads to overall degradation of both
raw material utility and monetary value. For example, minerals used in the electronics
industry are limited in availability; however, disassembly of electronics and material
recovery proves difficult due to components’ composite structure. Furthermore, cur-
rent processes by which materials are recovered from electronics pose a significant
threat to human health. In the construction industry, many materials used on a large
scale can be recovered, reused, and repurposed. Steel, wood, concrete, and asphalt
can contribute to a more sustainable built environment by being reused. A material’s
capability for reuse depends on its installation and formulation. Composite materials,
or materials that are amalgamations of various natural resources and additives, are
increasingly becoming incorporated into infrastructure, particularly for roofing and
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building exteriors. However, the material complexity of composites, such as
fiber-reinforced polymer, makes disassembly difficult and highly energy intensive
(Horvath, 2004). Design for disassembly and reuse facilitates cradle-to-cradle design
and must be championed wherever possible.

Closed-loop manufacturing

All materials require some form of processing or manufacturing prior to installation
and use for construction. Closed-loop manufacturing involves redesigning products
so that any waste generated can later be used as an input into either the same cycle
or in the creation of a different product or service. The carbon cycle provides an
example of a closed loop system. Carbon moves between terrestrial and aquatic eco-
systems serving as both a nutrient and a waste product at different times. In juxtapo-
sition, most human-driven processes degrade natural resources without replenishing
their source. One can leverage nonconventional and vernacular materials to develop
systems that encourage material recovery and recyclability.

Dried sludge generated from wastewater can be used as an alternative brick material
(Weng et al., 2003). Though sludge has a lower density than clay, it has other nonma-
terial benefits, such as the destruction of otherwise dangerous pathogens during the
firing process. Improper storage of wastewater sludge can lead to leaching of heavy
metals contained within the sludge. Leaching metals cause pathogen transmission as
well as contamination of surface and ground water. Currently, 1.3 billion tons of solid
waste is produced every year. With increased wealth and urbanization, it is estimated
that this number will reach 2.2 billion tons per year by 2025, thereby putting additional
strain on local municipalities that are typically responsible for their own waste man-
agement (Hoornweg and Bhada-Tata, 2012). Using sludge for bricks represents a
way to close a loop, as a current waste product can be manufactured to meet a growing
need. At end-of-life, sludge bricks can be broken up and either used again as an indus-
trial input or can be used in agricultural systems. However, this process must be care-
fully monitored to ensure that the toxic components of the sludge bricks are properly
managed to prevent contamination.

Supply chains
Today’s global economy has made it commonplace for products to be manufactured in
one geographic location and used thousands of miles away. The environmental costs
associated with transport can often offset the benefits of using natural materials.
Further, some materials require multiple stages of processing with each intermediate
step occurring in a different geographic region. Disparate production can yield a large
spectrum of potential emissions, depending on factory locations and available energy
sources. Emissions are not uniform by location; depending on the energy sources
(renewable, coal power plant, etc.) the emissions profile of a single process can vary
greatly if done in Pittsburgh, USA, or Nairobi, Kenya. Thus, it is critical that one con-
siders the impacts of all steps from resource extraction to end-of-life.

Local production, processing, and usage have both costs and benefits. Shortening a
supply chain can yield significant environmental benefits. For one, reducing
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transportation needs can decrease emissions from fossil fuels. Additionally, shorter
supply chains often are accompanied by increased transparency. This is extremely
important when it comes to natural resource extraction. Suppliers can ensure that labor
rights are upheld, that materials are replenished at an appropriate rate, and that over-
utilization does not lead to the eradication of a given material. However, lower
manufacturing costs accompany increased scale. If an existing industry, or cluster of
industries, does not exist, costs will generally be higher. Creating industries around
natural materials can lead to increased employment opportunities. Suppliers as well
as other supply chain stakeholders must be able to see the value in the benefits and
accept sacrifices along at least one bottom line.

Resilience

One result of climate change is more frequent extreme weather events (Easterling et al.,
2000). Longer droughts, heavier winters, and stronger storms can adversely affect the
built environment. Environmental ecosystem shocks are expected to alter global en-
ergy and water supply, as well as shift our material resources. The ability of infrastruc-
ture and its ability to withstand sudden system changes, such as a change in demand or
political instability, will be repeatedly tested. In the forthcoming dynamic age, engi-
neers and design practitioners must consider time scales over which they expect build-
ings to last. Should large amounts of energy and resources be put into buildings to
ensure that they are ruggedized and can withstand shocks? Are the construction mate-
rials strong, or will they necessitate continuous maintenance and rebuilding? Knowl-
edge of whether one is designing for either a short or long time span can change
material selection and construction processes.

Heavy usage of timber in a region facing desertification in the next century would
prove detrimental. For one, cutting down trees to source the timber accelerates the rate
of desertification. Also, if timber became unavailable due to a resource shortage,
houses needing repair would have difficulty finding a replacement component. Instead
of replacing a single piece, a more intensive solution may be required. The construction
industry must anticipate change and determine mechanisms of adaptation. Lessons
can be taken from the people of Fiji, who have adapted their shelters to become
more resilient to cyclones. They tie banana leaf veins with green coconut leaves to
secure thatched houses and place heavy cement bricks or sand bags on top to secure
iron roofs (McNamara and Prasad, 2013).

In some cases, the use of traditional materials, leveraged by modern research, can
improve the resilience of construction. For example, in rural Turkey, most buildings
are constructed with limestone, traditional concrete masonry block, and adobe. This
region of the world is tectonically active and has had several major earthquakes in the
last decade alone. New research is being conducted into improving the tensile
strength of these traditional building materials. Using new geometric shapes and
incorporating certain fibrous materials bring these materials up to modern
earthquake-resistant standards (Binici et al., 2005). The focus of modern research
on traditional materials has the opportunity to advance vernacular architecture in
our dynamic world.



72 Nonconventional and Vernacular Construction Materials

Cost

It is estimated that more than one-third of the world’s urban population lives in inad-
equate housing (U.N. Habitat, 2003; Keivani and Werna, 2001). Designs are needed
that provide low-cost housing solutions without sacrificing shelter quality. Often,
cost is seen as the only significant factor when creating products for individuals living
in resource-constrained environments. However, if a building is characterized by reg-
ular maintenance and a short lifespan, the total structure cost could end up significantly
higher than if a higher grade of materials was used during the nascent stages of con-
struction. For example, many houses found in India use either corrugated cement or
metal sheets for roofing materials. In addition to causing high indoor temperatures,
cement can crack easily, leading to water leaks. Concrete, a more desirable and durable
roofing material, is financially out of reach for the majority of residents. As a result,
roofs must be replaced often or patched with temporary solutions. ReMaterials, a so-
cial enterprise based in Ahmedabad, created a modular low-cost roofing material from
agricultural and packaging waste (ReMaterials, 2014). By using a material that would
otherwise be discarded, ReMaterials is able to keep costs low for the consumer. Addi-
tionally, the modular design means that if damage occurs, a resident only replaces a
single tile. Thus, roof durability is increased through innovative design without
increasing the price point and not through a significantly higher price point.

As stated previously, in constructing the built environment, one must consider not
only the materials but also the processes by which materials are fabricated and altered.
Each phase of a material’s life can influence costs for a consumer in both acute and
distal ways. Inefficient or unnecessarily high levels of processing can manifest as an
increased price point for a given product. Unsafe resource extraction or energy inten-
sive machining can lead to social and environmental costs that last for decades.

3.2.2.2 Systemic factors

Cultural significance

Shelters, and vernacular materials used in their construction, hold value beyond their
structural integrity. In many cases, the same materials have been used for generations
and are woven into the cultural fabric of a community. In other cases, there are certain
social functions within a shelter that require additional design constraints for the
composed construction materials. For example, vernacular roofs in Iran are used as
living spaces, for public gatherings, and as cultural interaction centers (Maghsoudi
et al., 2013). Materials that may be more environmentally sustainable but do not allow
for the load requirements of multiple people would not succeed in this context.

For example, in 1985, pucca or “strong” houses were introduced into Indian
culture as part of a social welfare initiative. Pucca houses are defined as industrially
produced houses, whereas their counterpart, kachcha or “raw” houses are built
with thatched roofs and natural materials. However, the meaning behind these
labels has strong emotional undertones. “The Hindi work kachcha generally has a
negative connotation and conversely, its opposite—pucca—holds positive connota-
tions. The terms ‘kachcha’ and ‘pucca’ are far from neutral—with ‘kachcha’ being
associated with poverty and backwardness and ‘pucca’ with progress and modernity”
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(Barenstein and Iyengar, 2010). Pucca houses have garnered significant aspirational
value, leading many to reject the potentially more sustainable and resilient kachcha
houses. Even though vernacular materials are more affordable and sustainable, the lower
middle class sees them negatively, instead desiring pucca houses made of reinforced
concrete and modern materials. The problem is primarily a marketing challenge;
consumer education and campaigns are needed to sway public opinion and expose
individuals to the benefits of vernacular materials.

Localization of resources, materials, and processes

Shelter design is often context specific. If an area is accustomed to high temperatures,
pervasive pests, or heavy rain, the vernacular shelter form will change in accordance to
these driving influences. It is critical that shelter users and their contextual knowledge
be used throughout the design process. This is particularly true for individuals living in
vernacular homes. As stated by Carl Mitcham, “The vernacular house is human dwell-
ing made visible, enriched with material traces from its lived past” (Mitcham, 2005).
Vernacular homes have been built over centuries by optimizing the materials to which
one has access. Lessons can be taken from examples of indigenous populations who
have been forced to move due to regional conflicts or changing climates. Peasants
recently relocated by the government to La Quetzal in Guatemala used their knowl-
edge of forest resources for construction materials. While 50% of this population
used tin metal roofing, many used thatched palm leaves of Sabal mauritiiformis
(botan) for their kitchen roof to keep their homes cooler in the summer (Nesheim
et al., 2006). Construction with local materials and resources can satisfy community
demand with minimal environmental and social impacts. How can knowledge of
vernacular construction be used and shared to address global needs?

While most vernacular designs are localized, standardization can yield benefits. For
one, standardized designs and construction processes can yield lower costs for users.
IKEA has used this model of design for the masses to distribute aesthetically appealing
and low-cost furniture to millions of people around the world. If one can establish
replicable construction processes, vernacular construction may be more easily
disseminated.

Localization versus standardization in policy can also influence construction pro-
cesses. Often building standards will be set forth by governments in an attempt to force
standardization throughout a given country. In low-resource communities, such stan-
dards can be unrealistic because of the costs associated with achieving them. For
example, governments set regulations in the upgrade of an informal urban settlement
without taking into consideration all of the economic, social, and environmental con-
straints on the project. The lack of alignment between building directives and available
resources leads to the project failures (Das and Takahashi, 2009).

Sophistication of processing

While technology has the power to increase the efficiency of many production systems
associated with vernacular materials, such options are not always pursued. This can
sometimes lead to decreased lifespans of these materials. For instance, some bamboo
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and timbers are vulnerable to insects and other forms of degradation if not properly
treated. Labor-intensive processing employs large populations in low-income regions.
Mechanized processes can lead to increased resource destruction, carbon emissions,
and job disruption. However, sometimes mechanization can help to preserve the
use of vernacular materials in a given context. For example, in French Polynesia, veg-
etal roofs made from pandanus leaves strongly signify Polynesian culture and history.
French Polynesia is known to many as a major tourist destination, though much of the
indigenous population lives in poverty. Low-income housing options are available to
Polynesian citizens; however, the homes use conventional materials instead of tradi-
tional thatch because of high processing costs. The pandanus vegetal thatched roofs
are comprised of prefabricated tiles that require highly specialized, labor-intensive
production by trained artisans. Though historically production was common
throughout the Polynesian islands, now a cohort of producers on a single island,
Maiao, monopolizes the industry. This monopoly raises the price of pandanus,
rendering it unaffordable for the average Polynesian. Thatched roofs have their
own benefits and detriments. While their thermal properties allow Polynesian houses
to stay comfortable during high heat, the lack of durability leads to roofs replacement
being necessary every 5 to 6 years. Ultimately, though, the true value of thatched roofs
is their cultural significance. Mechanized thatch production could lead to market
diversification and significantly lower costs. Industrialization, in this case, presents
an opportunity to actually make the roofs and their installation process more afford-
able and sustainable.

Industrialization and quality control

Industrialized materials have undergone processing or are produced in a factory setting
where economies of scale lead to lower product cost. Industrialization has the benefits
of quality control and replicability, two factors that can increase the efficiency of a con-
struction process. For example, brick presses and molds enable fast creation of stan-
dardized bricks. However, variability in the bricks can still occur due to the person
operating the press. Proper training, appropriate salary, and a corporate culture that
values quality workers and their products help to improve standardization. It is impor-
tant to implement systems to test the quality of the final product. These problems
become even more complex for nonconventional materials where natural processing,
local extraction, or small-scale manufacturing can make standardization difficult.
Some vernacular materials require indigenous knowledge to overcome these barriers
during construction. For example, the construction of thatched roofs requires expertise
in choosing materials, weaving the thatches, and stitching to construct a lasting roof
(Rustemeyer et al., 2012). While these roofs may not be standardized, quality control
is maintained through the transfer of indigenous knowledge using traditional oral tra-
ditions. Melding indigenous knowledge and processes with western knowledge and
industrialization mechanisms can lead to efficiencies that result in more sustainable
products and processes that align with cultural sensitivities and ways of living and
doing.
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3.3 Deciding between materials

The previously discussed design criteria yield a variety of trade-offs that engineers,
architects, and designers must navigate. Should a building be as low cost as possible,
or should funds be spent on aesthetics to ensure popularity? Should a building be
constructed for permanence or should it be transportable to a sparse rural environ-
ment? Should a building be ruggedized for a harsh climate or should infrastructure
drive development in more tepid regions? Contextual considerations drive design
and can lead to different outcomes depending on what is most important to the cus-
tomers or community involved. However, it is important to note that designs are
never “finalized.” These complex considerations must be addressed as individuals
and projects undergo a constantly evolving design process. Therefore, flexible and
innovative design allows for interconnectivity and switching out materials as needs
and resource availability evolves. One way to address trade-offs is to consider
each option as a variable within a larger system, and calculate the Pareto optimality
of that system.

3.3.1 Pareto optimality

Pareto optimality is the state at which resources in a given system are optimized in a
way that one dimension cannot improve without a second worsening. Mapping opti-
mality, as shown in Fig. 3.3, enables decisions between design choices. Using Pareto
optimality, one can assess how engineered systems can best meet multiple criteria. In
this context, it can be used to understand how a construction project balances environ-
mental, social, and economic factors. For example, a farmer in Pakistan might be
deciding on the building materials for a new home. She wants a solution that is inex-
pensive but also is resistant to the increasing frequency of floods in her area. In a more
complex example, Pareto efficiency would be calculated using several dimensions, but
in this case we will limit them to flood vulnerability and cost. She has a few different

Figure 3.3 Example of Pareto
optimality graph.

A: Move to drier land
B: Import materials
C: Use cement

D:?

Flood resistance

Affordability
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options regarding building materials. She can use concrete and construct her house in a
conventional manner, as many of her neighbors do, she can move to a less flood prone
area, or she can import stone and other materials from the nearest city.

In order to make an informed decision, she decides to rate her options on a scale of
1—10 in terms of both flood vulnerability and cost. For each option, a function will be
defined that will lead to a numeric normalized value. We will call the v(X) the function
that provides the flood vulnerability of option X on a scale of 1—10, and ¢(X) the func-
tion that provides the cost of option X on a scale of 1—10. Both functions will include
various variables regarding available options. For example, c¢(X) could include material
costs, transportation costs, and increased cost of living.

Her most expensive option, moving to a new location, will be costly but provide
protection against flooding. She calls this option A, and using her previously defined
functions v and c finds that v(A) = 2 and c(A) = 8. Another option, called option B, is
to import new materials from the nearest manufacturer. In this case, v(B) =4 and
¢(B) = 4. Her third option, option C, is to use concrete to build her home. This option
leaves her vulnerable to flooding (v(C) = 8) but saves her the most money (c¢(C) = 2).

To find the best option, the farmer multiplies these two values together (v(x)*c(x))
and realizes that they all equal the same value (24) and are therefore all on the existing
Pareto optimum curve. External factors, such as simplicity of construction and prox-
imity to family, would lead to the farmer choosing to use concrete and build a conven-
tional home. This would be called the weak Pareto optimum. The farmer is looking for
an option D where v(x)*c(x) < 24, which would provide a strong Pareto optimum, and
thus be the best choice for her.

A possibility for option D is the inclusion of limestone in the mortar for an other-
wise conventionally constructed house. The limestone provides greater flood resis-
tance at minimum additional cost. Using her previously defined functions, she finds
v(D) = 3, and ¢(D) = 5. These values multiply to 15, providing a new strong Pareto
optimum, and therefore the best choice for the construction of her home.

This example illustrates the use of Pareto optimality not only for making decisions
but also for discovering opportunities for new technologies and nonconventional ma-
terials. For the farmer, options A, B, and C are equivalent when considering both cost
and flood vulnerability. The farmer seeks an option D that is cheap and resistant to
floods. In this case, modern research combined with indigenous knowledge offers a
ready solution. As early as 2600 BC, Pakistan used lime as part of their mortar for
bricks in construction. With the availability of cement, lime use in mortar has
decreased. However, lime has inherent waterproofing properties while its breathability
allows water that is already trapped to escape. While this indigenous knowledge may
not have survived in many of the communities in the region, historical studies and ma-
terials research have shown again its importance in flood-resistant construction
(ACTED News, 2014). The farmer could purchase some locally extracted limestone
for use in the mortar of an otherwise traditional house and achieve greater flood resis-
tance without having to import raw materials from far away. Through the use of Pareto
optimality, better design decisions can be made and opportunities for new innovations
identified. Hartikainen et al. (2011) provide more detailed information on mathemat-
ically modeling Pareto optimality and decision-making.
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3.3.2 Intersectional innovation

The use of limestone in mortar to improve material resilience to flooding is just one
example of the opportunities available for improving construction materials around
the world. A major advantage of living in the 21st century is our ability to connect
across time zones, cultures, and geographies. This leads to cross-pollination of ideas,
which can serve as the impetus and building block for innovation. Recently,
researchers and engineers have used cardiac stents to inspire technologies for drain
repairs and modeled LEDs from a lens belonging to a firefly. How can we encourage
the expansion and proliferation of innovation? Nations and industries can borrow
innovations from one another and determine how to build upon ideas to develop
solutions applicable to their own contexts and challenges. One example from the
materials sector comes from Ecovative Design, a company that leverages one of
nature’s key recycling agents, fungi, to create building materials. Ecovative cures
fungi, effectively transforming it into a rigid material that can be used for building
insulation and product packaging, among other applications (Ecovative, 2014).

Ecovative represents a merging of disciplines to produce a new vernacular material.
Their original use of mushroom material for packaging products provides a sustainable
option for a growing industry. Within the United States, containers and packaging ma-
terials represented more than 30% of municipal solid waste in 2012, accounting for
nearly 75 million tons of waste (Levis et al., 2014). Just over one-third of all disposed
packaging waste is recovered, while the rest remains permanently in landfills. The
waste stream of packaging is only set to grow in the coming decades. Increased con-
sumption of fast-moving consumer goods by developing economies such as China and
India will increase the demand for packaging materials (Zaman and Lehmann, 2013).
As climate patterns become increasingly erratic and the number of people in the global
middle class increases, a need and desire for housing insulation will also grow. From
work in the packaging industry, Ecovative determined that mycelium and agriculture
waste could be used to create insulated sheathing called MycoFoam. Though not yet
commercially available, this technology would serve the same purpose as conventional
spray foam insulation (Ecovative, 2014). Ecovative’s insulating product has low
embodied energy and is composed of natural materials as opposed to potentially harm-
ful chemicals as similarly rated products.

3.4 Conclusion

Climate change will necessitate shifts in living styles. Many architecture forms will
prove irrelevant because of excessive heat, prolonged droughts, or heavy rains. The
effects of climate change will be exacerbated in developing nations where housing cri-
ses are already severe. It is imperative for engineers, designers, and entrepreneurs to
share context-specific knowledge and design resources to create scalable and sustain-
able housing solutions. Cross-pollination of ideas can yield answers to critical ques-
tions including: What natural resources are currently underutilized and can become
value-added products if processed? What innovations from one region can be adapted
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and translated to other places with similar challenges? Practitioners working to
improve global housing can also use analytical tools to navigate building trade-offs
and inform policy decisions. A life cycle perspective of construction materials informs
evaluative questions and includes consideration of both technical and design factors.
Pareto optimality focuses broad analyses on specific contexts and ensures that a given
solution satisfies local needs. Current research in the advancement of vernacular archi-
tecture can benefit from using analytical tools and design processes when creating
more resilient, sustainable, and culturally contextual buildings.
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4.1 Introduction

4.1.1 Availability and potential of vegetable fibers

Sustainability is a concept that is being adopted all over the world in an effort to
address the shortage of natural resources and energy, the generation of several types
of solid wastes, and gas emissions from various sources. The rational use of vegetable
fiber can be an alternative solution for the production of durable and more sustainable
goods (Savastano et al., 2009a). Several vegetable fibers have potential for use in the
manufacture of different products including paper, paperboard, tissues, polymeric or
inorganic composite materials, etc. The performance of the vegetable fiber application
depends on the vegetable source and the method used to obtain or harvest the fiber.
Knowledge of the vegetable microstructure is important to understand the ways in
which the fibers are obtained and why they are used in so many products. Further
research is still needed to characterize the fibrous raw materials and for the develop-
ment of new products and production methods. Tropical countries in particular present
great potential for the production of cellulosic fibers, especially if they are available as
residues from other agriculture activities (eg, bagasses, straws, or husks). To advance
the use of cellulosic pulp fibers for different materials, continued research on the fiber
characteristics, properties, and methods of obtaining the fibers is essential.

Fibers are widely available in tropical and equatorial countries, where they are pri-
marily used in the cordage, textile, and papermaking sectors. The heterogeneity and
restricted market in these industry sectors have led to intense generation of residues
with high pollution potential. For example, each ton of commercially used sisal fibers
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(for rope) yields three tons of residual fibers, whose disposal results in environmental
hazards (Garcia-Santos, 2004).

4.1.2 Vegetable fibers as reinforcement for brittle matrices

The purpose of fiber reinforcement is to improve mechanical properties of a given brit-
tle matrix, which would be otherwise unsuitable for several practical applications
(Agopyan et al., 2005). Examples of brittle matrices with practical applications include
(1) Portland cement (Tonoli et al., 2010, 2011); (2) gypsum (Marmol et al., 2013); and
(3) clay (Millogo et al., 2014). A major advantage of fiber reinforcement of a brittle
material is the resulting composite behavior after cracking. Postcracking toughness
produced by low modulus of elasticity fibers in the matrix may permit the use in
large-scale construction of such composites (Agopyan et al., 2005). Reinforcement
is distributed into the composite, reinforcing the matrix and bridging cracks during
bending or tensile tests.

Alkali-resistant synthetic fibers, such as polypropylene (PP) and polyvinyl alcohol
(PVA), are commonly used as the main reinforcement in cement-based composites.
However, the production of such synthetic fibers consumes a large amount of energy,
chemicals, and petrochemical raw materials. For example, as the demand for propylene
(raw material for PP fibers) continues to outpace ethylene demand, there is increasing
interest and need for finding or developing alternative sources of propylene without
adversely affecting ethylene availability. In addition to PP, fiber manufacture has a
high embodied energy, about 38 kJ/kg, and it produces effluents (process water,
caustic steams), emissions (airborne polymer powder, fumes containing carbon mon-
oxide, formaldehyde, and acrolein), and wastes (contaminated polymer scraps, spent
catalyst) (Nexant, 2000).

Within the context of a sustainable economy and innovative construction, vegetable
fibers, from wood and nonwood sources, are widely available in most developing
countries as suitable reinforcement materials for brittle matrices. Accounting for the
mechanical properties of the fibers as well as their broad variation, one may develop
building materials with suitable properties by means of adequate mix design (Agopyan
et al., 1989; Agopyan and John, 1989).

The concept of vegetable fiber reinforcement in cement-based materials was devel-
oped in the 1970s, when vegetable fibers were evaluated as substitutes for synthetic
and asbestos fibers. Natural vegetable fibers, including sisal, bamboo, fique, hemp,
flax, jute, and ramie, for example, are used in regions where these materials are readily
available. Motivations for their use include reducing raw materials costs and contrib-
uting to sustainability of the sector. As reported in Coutts (1992), vegetable fibers
contain cellulose (which is a natural polymer), providing the main reinforcement of
these materials. The chains of cellulose form microfibrils, which are held together
by hemicellulose and lignin to form fibrils. The latter are then assembled in various
layers to build up the fiber structure. Fibers or cells are cemented together in the plant
by lignin (Gram, 1983). Vegetable lignocellulosic macrofibers present several inter-
esting advantages, including their low real (1.3—1.5 g/cm’) and apparent density
0.4—1.5 g/cm3), high specific stiffness (1.1—80.0 GPa) and strength (0.1—3.0 GPa),
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biodegradability, renewable character, low processing energy in the case of chopped
natural fibers, and availability everywhere at modest cost in a variety of morphologies
and dimensions (Jarabo et al., 2012; Tomczak et al., 2007; Satyanarayana et al., 2007).

There are two main approaches for the development of new composites in
fiber-reinforced cement (Agopyan, 1988). The first is based on the production of
thin sheets and other non-asbestos-like components. The components are similar to
asbestos-cement-based materials and are produced by well-known industrial-scale
processes such as Hatschek and Magnani methods (see Box 4.1) and commercially
used with high acceptance for building purposes (Coutts, 1986).

The use of cellulosic fibers as reinforcement in cement-based composite materials
has been studied to partially replace synthetic fibers, especially glass and polymeric
fibers in construction materials (Tonoli et al., 2010; Pacheco-Torgal et al., 2011a,b;
Tan et al., 2012). Nevertheless, significant losses in long-term mechanical perfor-
mance have been observed in vegetable fiber—cement composites after natural or
accelerated aging (eg, wet/dry cycling), due to the degradation of cellulose fibers
in the cementitious environment (Mohr et al., 2007; Tonoli et al., 2011; Melo Filho
et al., 2013).

Several efforts have been made to enable new air-cured hybrid composites rein-
forced with vegetable fibers (Agopyan, 1988). These strategies include blended
cement as the matrix, which aims to reduce the free alkalis by developing low-
alkaline binders based on industrial and/or agricultural by-products (Jarabo et al.,
2012, 2013; Pereira et al., 2013; Marmol et al., 2013; Teixeira et al., 2013). Other
approaches are the use of cellulose nanofibrils or “whiskers” from vegetable fibers
as nanoreinforcement (Claramunt et al., 2010, 2011; Hoyos et al., 2013) and the use
of carbonation curing (Almeida et al., 2013; Pizzol et al., 2014a,b; Santos et al., 2015).

4.2 Characterization of vegetable fibers
for engineering applications

4.2.1 Macrofibers

Considerable research effort has gone into the study of fast-growing, inexpensive agri-
cultural crops and crop residues, especially for those countries with limited forest re-
sources. Table 4.1 presents primary material properties of some macrofibers and those
of comparable commercially available synthetic fibers.

Nonwood pulps constitute abundant and low-cost raw materials in many devel-
oping countries. Savastano et al. (2003) and Joaquim et al. (2009) presented attempts
to produce viable fiber—cement materials using the Hatschek method and noncon-
ventional pulps of sisal (Agave sisalana) as reinforcement. In those studies the
performance as reinforcement of the fibers obtained from commercial and
by-product sisal (Agave sisalana) by thermomechanical pulping, chemithermome-
chanical pulping, and organosolv processes were investigated (Savastano et al.,
2003; Joaquim et al., 2009).
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Box 4.1 Industrial-scale processes for producing components of
fiber-reinforced cement

Hatscheck process

The first method of fiber—cement manufacturing process was invented by Ludwig
Hatschek in the 1890s. He combined slurry with cellulose, reinforcing fibers, and
Portland cement in water. This fed into a paper-making machine in which a cylin-
drical sieve or sieves rotate through the slurry. The solids are deposited on the
sieve, which on each rotation transfers the layer of solids onto a continuous
belt. The layers are built up to the desired thickness and then removed and, if
necessary, compressed by stack pressing.

Some stages in the Hatschek process are numbered in Fig. 4.1. The first step is
to prepare the slurry (1), which consists of mixing an adequate proportion of solid
materials, with water in a low solid concentration (approximately 20% of total
mass). Portland cement (2), reinforcement fibers (3), cellulose fibers, limestone
filler (4), and water (5) are the most commonly used materials by the fiber—
cement technology. The slurry is then transported to the vats (6) with sieve
cylinders (7) where wet solid material is deposited. Sequentially, the running
felt (8) removes the material from the sieve cylinders, thus forming a green lam-
ina. Vacuum (9) is applied to remove water from the lamina before it is trans-
ferred to the formation cylinder (10) where the stacking is performed. Finally,
the green sheet (F) is cut (11), shaped (eg, corrugated sheets and accessories)
(12), and submitted to curing (Dias et al., 2010).

Magnani process

The industrial manufacturing process of cylindrical water tanks is based on the
method known as the modified Magnani process. The slurry used in this process
is thicker, with concentration of solids to water of about 1:1. The raw materials
typically used in this process are Portland cement, limestone materials, recycled
cellulose pulp, and polymeric fibers. The mass is applied in a single layer on
the mold (Fig. 4.2(a)). The tank is formed by rotating the mold. Excess water is

Figure 4.1 Schematic drawing of a typical Hatschek process. In this figure, F is the green
sheet fiber—cement, and P is a final product.

Adapted from Dias, C.M.R., Savastano Jr., H., John, V.M., 2010. Exploring the potential of
functionally graded materials concept for the development of fiber cement. Construction
and Building Materials 24, 140—146.
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Box 4.1 Industrial-scale processes for producing components of
fiber-reinforced cement—cont'd

(b)

Figure 4.2 (a) Magnani method for industrial production of water tanks. (b) External
surface finish of the water tank by rollers.
Courtesy of Prof. Vanderley Moacyr John, University of Sao Paulo, Brazil.

removed by vacuum suction, and the tank sides and bottom are finished with
rollers (Fig. 4.2(b)).

A second approach consists of producing composites for different types of
building components such as hollow load-bearing walls, roofing tiles, and ceiling
plates, which are similar to components commercially produced with
asbestos—cement.

Estimated as several millions of tons per year (Heinricks et al., 2000), con-
sumption of fiber-reinforced cement building components is rapidly increasing,
especially in developing countries. This is because such materials allow one to
produce lightweight building components with good mechanical performance
and acceptable thermal-acoustic insulation properties, while being economically
attractive.

Correia et al. (2014a,b,c) produced bamboo cellulosic pulp by the organosolv pro-
cess, evaluating different temperatures and reaction times, and the pulps were analyzed
aiming their future application for the reinforcement of composites. Bamboo presents
advantages such as rapid growth, short-term renewal, and broad availability, making it
a promising potential raw material for cellulosic pulp production.

Banana (Musa cavendishii) pseudo-stem strand fiber subjected to chemithermome-
chanical pulping and kraft methods was also studied as reinforcement in fiber—cement
(Savastano et al., 2005, 2009b). The researchers presented the results of an



88 Nonconventional and Vernacular Construction Materials

Table 4.1 Physical and mechanical properties of some macrofibers

Property of interest
Tensile Modulus Elongation | Water
Density | strength of elasticity | at failure absorption
Fiber (g/em’®) (MPa)® (GPa) (%) (%)
Jute (Corchorus 1.36 400—500 17.4 1.1 250
capsularis)°
Coir (Cocos 1.17 95—118 2.8¢ 15-51 93.8
nucifera)*
Sisal (Agave 1.27 458 15.2 4 239
sisalana)®
Banana (Musa 1.30 110—130 = 1.8-3.5 400
cavendishii)”
Bamboo 1.16 575 28.8 32 145
(Bambusa
vulgaris)®
Curaua (Ananas 1.10 900 £ 200 | 36+ 10 25+1 =
erectifolius L.
B. Smith)*
E-glass 2.50 2500 74 2-5 -
Polypropylene’ | 0.91 350—500 5—8 8—20 -

“Tensile strength strongly depends on the type of the fiber tested: a bundle or a single filament.
“Rehsi (1988).

°Agopyan (1988).

dGuimaraes (1984).

°Spinacé et al. (2009).

fFordos (1988).

experimental study of resistance-curve (R-curve) behavior and fatigue crack growth in
cementitious matrices reinforced with eco-friendly natural fibers.

Tonoli et al. (2010) evaluated the effects of 14 years of weathering exposition in
Cali, Colombia, on the microstructure and mineral composition of cementitious
roofing tiles, still in service, reinforced with fique fibers (Furcraea andina). The
kinetics of sisal fiber degradation and the mechanisms responsible for deterioration
of continuous sisal fiber—cement composites are also presented in this paper (Tonoli
et al., 2010).

Jarabo et al. (2012, 2013) have studied the potential of both corn stalk (Zea mays L.)
and industrial hemp core (Cannabis sativa L.) fibers as renewable sources of cellulose
fibers in the production of fiber—cement. For each source of fiber, several chemical
processing treatments were studied. The results indicated that both types of pulp can
be used for the production of fiber—cement, due to the morphological similarities
with the pine fibers that are currently used.

Amazonic fibers such as those originated from curaud plant and jacitara palm have
also been studied as reinforcement for fiber—cement composites (Fonseca et al., 2013).
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Curaud plant (Ananas erectifloius) has been recognized since pre-Columbian days for
its valuable fibers, which are among the unique lignocellulosic fibers of Brazil.
D’Almeida et al. (2010) produced cement-based composites reinforced with 2, 4, and
6% short curaua fibers. The results obtained were comparable with those found for
cement composites reinforced with sisal fibers. The jacitara palm (Desmoncus poly-
acanthos Mart.) is also widely used by the artisans of the Amazon Basin region of
Rio Negro, Brazil, and it is known to provide excellent fiber characteristics and appear-
ance. However, there remains a lack of technical/scientific information about these
important Amazonic fibers. To fill this gap, the researchers evaluated the main proper-
ties of jacitara fibers for their future technological application as reinforcement in com-
posites (Fonseca et al., 2013).

Recently, Sena Neto et al. (2015) presented a comparative study of the mechanical
and thermal characteristics of 12 pineapple leaf fiber varieties, which gives valuable
information for selection of those vegetable plants when the goal is to provide fibers
for a specific application.

4.2.2 Pulp fibers

Pulp fibers are normally obtained from either softwood or hardwood and are composed
of three main chemical components: cellulose, hemicelluloses, and lignin. Both hard-
wood and softwood unitary cells are tubular structures and can be pulped. The chem-
istry and fiber morphology of hardwood and softwood pulps, however, differ
significantly. The average lengths of hardwood and softwood fibers are approximately
1 and 3 mm, respectively. The width of the fibers varies between 10 and 50 um and the
wall thickness between approximately 1 and 5 pm. Pulp fibers of nonwood materials
(macrofibers) may also be obtained. Table 4.2 depicts the average dimensions of some
pulp fibers from wood and nonwood materials.

During the production of pulp fibers in the paper industry, the pulping process
affects each component differently. For example, cellulose pulps can be produced
from residual crop wood species, by chemical pulping (eg, kraft pulping) with alkaline
liquors (eg, sodium hydroxide reaction), fractions, or organosolv pulping with organic
solvents (eg, ethanol) (Higgins, 1996; Savastano et al., 2003; Aziz and Sarkanen,
1989). Strand fibers that undergo low-temperature chemithermomechanical pulping
result in modification of the chemical composition and reduction in the lignin and
hemicellulose contents (Savastano et al., 2003).

Pulps have been evaluated as processing fibers in the Hastchek method of fabrica-
tion. The fiber—cement industry has used mainly Pinus and Eucalyptus pulps in the
Hatschek process. Pulped fibers are also preferred for composites production at a
laboratory scale using the slurry vacuum de-watering technique, which is a crude simu-
lation of the Hatschek process. During the de-watering stage, the pulp forms a net that
retains cement grains. Advances have been proposed with new methods for flocculant
selection (Blanco et al., 2010) and to evaluate the best refining degree (Coutts, 2005;
Tonoli et al., 2007, 2009, 2013) required to improve fiber bonding, processing, and
strength of the fiber—cement composites produced. Moreover, there are particular as-
pects of the bleached and unbleached pulps that have been discussed in the literature.
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Table 4.2 Average dimensions of wood pulp fibers in comparison with
nonwood (macrofibers) pulp fibers (Hurter, 1991; Atchison, 1993)

Source of fibers Average length (mm) Average width (pm)
Leaf
Abaca 6.0 20
Sisal 3.0 17
Stem
Sugar cane bagasse 1.7 20
Bamboo 1.4—4.0 8—-30
Cereal straw 1.5 13
Rice straw 1.4 8
Corn 1.3 16
Cotton 0.9 19
Sorghum 1.6 47
Grass
Esparto 1.1 9
Sabai 2.1 9
Hemp 20 22
Woods
Softwood 3.0 30
Hardwood 1.3 25

Bleached (ie, low-lignin) pulp exhibited accelerated progression of fiber mineraliza-
tion in a cement matrix compared to unbleached fibers (Mohr et al., 2005).

The cellulosic pulp can also be considered as microreinforcement in cement-based
matrices (Marmol et al., 2013; Almeida et al., 2013). An interesting waste product is
the paper packaging used for binders (eg, ordinary Portland cement). It is obtained
from civil construction waste, as recycled Portland cement kraft bags. The recycling
of this paper-based residue is not trivial as it is for other types of paper. A consequence
is the residual content of cement (or powdered binder, in general) in the bags which can
be highly abrasive and, consequently, undesirable for the cycling processing. In many
countries (eg, Brazil) the amount of Portland cement commercialized in kraft bags is
significant, and the destination of the used bags is considered a key issue for the
cement producers in these countries. Therefore, the approach of recycling Portland
cement packaging is of interest as the reinforcement in fiber—cement and requires
simple techniques for processing and consequent application for the manufacturing
of these composites (Marmol et al., 2013).
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4.2.3 Organosolv pulp production and properties

Pulp is the most important raw material for processing of cellulose. It is industrially
used for paper production and is regarded as a promising material for use as reinforce-
ment of polymeric, ceramic, and cement materials (Alemdar and Sain, 2008; Sundar
et al., 2010). Organosolv is an unconventional pulping method, and an alternative pro-
cess to that used in industry, such kraft and sulfite pulping. In the organosolv process,
organic solvents are usually associated with water in a volume ratio from 10 to 50%.
Most organosolv processes are carried out at high temperatures (185—210°C), and
there is no need for the addition of acid since organic acids released from the biomass
act as catalysts for the rupture of the lignin—carbohydrate complex bonds (Duff and
Murray, 1996).

The organosolv process has the advantage of using substances which are less harm-
ful to human health and the environment compared to conventional processes (Ruiz
et al., 2011). This process also has economic and environmental advantages, since
the use of organic solvents (eg, ethanol) enables the operation of smaller and more
compact plants, eliminates the need for the recovery of inorganic reagents, and
eliminates sulfur emission. Additionally, the lignin removed can be recovered in the
recycling operations of the organic solvent, which involves stages of distillation and
precipitation (Sridach, 2010; Ruiz et al., 2011; Li et al., 2012).

Gonzalez et al. (2008) compared the properties of non-woody pulp (palm oil fibers)
produced using the organosolv and kraft methods. The organosolv process was more
effective, yielding more pulp having higher cellulose content and lower lignin content
than the kraft method. The zero-span index of the resulting pulp is 204 N m/g. The
zero-span test was carried out according to Tappi T 273 cm-95 and T 231 cm-96 Stan-
dards. This value is high compared to commercial microfiber used to produce paper
such as eucalyptus pulp, which has values between 90 and 160 N m/g (Foelkel,
2007). Silva et al. (2010) used eucalyptus pulp with a zero-span index of 90 N m/g
as reinforcement of a polymeric matrix, and they showed an improvement of the me-
chanical performance of the rigid polyurethane foam reinforced with eucalyptus pulp.
The zero-span index of bamboo pulp also indicates its potential for use as reinforce-
ment in polymer matrices and for the production of paper (Correia et al., 2014b).

4.2.4 Nanofibrillated cellulose

Initial efforts to explore nanotechnology and/or nanoscience in the development of the
construction industry have focused on understanding nanoscale phenomena and
improving the performance of commercial materials and products. There is a focus
on using nanoscience to increase the strength and durability of cementitious compos-
ites using nanofibers and nanoparticles. The nanofibers act as reinforcement in nano-
scale dimensions. This approach makes possible the manufacture of more resistant
cement products, preventing the formation and propagation of micro- or nanocracks
(IRC, 2002; Konsta-Gdoutos et al., 2010a). Nano- and microscale fiber reinforcement
systems have been found to be particularly effective in cement composites. Introduc-
tion of fibers and, more recently, nanomaterials offers effective means of enhancing
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toughness, for instance (Peyvandi et al., 2013). Development of nanocomposites based
on nanocellulosic materials is a new but rapidly evolving research area. Cellulose is
abundant in nature, biodegradable, and relatively inexpensive; it is a promising source
of nanoscale reinforcement material for cement-based composites.

Cellulose nanocrystals (also reported in the literature as cellulose whiskers), nano-
fibers, cellulose crystallites, or crystals, are the crystalline forms of cellulosic fibers,
and they can be isolated using several methods (Nishiyama, 2009; Tonoli et al.,
2013). Chemical methods use an aggressive acid (normally sulfuric acid) to break
down fibril aggregates to cellulose rods (whiskers) which form a weak physical
network by hydrogen bonds. In the mechanical methods, microfibrillated cellulose
is prepared by mechanical disintegration (refining or sonication, for example) with
application of high shear forces and cavitation, which leads to highly entangled and
inherently connected fibrils and fibril aggregates and mechanically strong networks
(Bufalino et al., 2014; Guimaraes et al., 2015a). Enzymatic hydrolysis is another
method that yields a mixture of dominantly cellulose I fibrils (about 5 nm thickness)
and fibril aggregates (about 10 to 20 nm thickness) (Paakko et al., 2007). Various
definitions have been given to the fibrillated materials, eg, nanofibrillated cellulose,
nanofibers, nanofibrils, microfibrils, and nanocellulose (Chinga-Carrasco, 2011).
Fig. 4.3 depicts the morphology of cellulose nanocrystals (whiskers obtained by
acid hydrolysis) and nanofibrils (obtained by sonication) from eucalyptus pulp as
presented in Tonoli et al. (2013).

Figure 4.3 Transmission electron microscopy images of nanofibers obtained from eucalyptus
pulp: (a) cellulose nanocrystals (whiskers obtained after 60-min acid hydrolysis) and

(b) cellulose micro/nanofibrils pulled out after sonication. (Note that the magnification of

(b) is 50x greater than that of (a).)
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Figure 4.4 Scanning electron microscopy micrographs of micro/nanofibrils network obtained
by mechanical defibrillation of jute fibers.

Although wood cellulose fibers have constituted the main source of microfibrillated
cellulose production, the utilization of nonwood (macrofibers and culms/canes) pulp
fibers, agricultural crops, and vegetable by-products have also been explored as natural
sources (Guimaraes et al., 2015a,b). Fig. 4.4 shows micro/nanofibrils obtained by
mechanical defibrillation of jute fibers.

Hoyos et al. (2013) evaluated the influence of interactions between cellulose micro-
crystalline particles (MCC) and cement hydration products on rheology, hydration
kinetics, microstructure, and mechanical properties of cement-based products. Some
results showed that interactions between MCC, cement particles, hydration products,
and water decreased the workability and delayed the hydration reaction. However, the
results from thermogravimetric analyses showed that both accelerated curing and
MCC addition (0 and 3 wt%) increased the hydration degree of cement materials
due to increases in temperature during the curing process and the MCC releasing its
water content, respectively, both contributing to the hydration process. Thus, the
potential of nanofibrils as reinforcement in brittle materials must be further explored
to seek new processing techniques, modeling techniques, and designs utilizing the
high mechanical performance and durability.

4.2.5 Nanofibrillated cellulose obtained by the grinding method

The production of nanofibrillated cellulose to obtain nanofibers requires intensive
mechanical fibrillation treatment, in which most of the amorphous phase is maintained,
since there are no chemicals used. This mechanical treatment causes irreversible
changes in the fibers, increasing their bonding potential by modifying the morphology
and size of the fibers (Kamel, 2007; Gardner et al., 2008). Nanofibrillated cellulose is
already commercialized and available internationally (Sir6 and Plackett, 2010). The
typical production of commercial nanofibrillated cellulose uses a mechanical method
consisting of refining and high-pressure homogenization steps.

The grinding process has the advantage of not requiring chemical pretreatment
of the fibers before the fibrillation, which is necessary in other processes (eg, acid
hydrolysis) to obtain nanofibers (Nakagaito and Yano, 2004; Paakko et al., 2007,
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Stenstad et al., 2008). Grinding is the process of fibrillation using an ultrafine grinder
having one disc which rotates against another stationary disc with an adjustable gap
between the discs (Abe et al., 2007).

Fibrillation by the grinding method occurs in the cell wall structure, which is
formed by multilayer structured nanofibers and hydrogen bonds that are broken by
application of shear force generated by the discs of the grinder over repeated cycles,
producing nanoscale fibers from the pulp (Iwamoto et al., 2007; Guimaraes et al.,
2015a). The main advantage of the grinding is that mechanical pretreatment to fiber
shortening, required in the other nanofibrillation techniques, is not required, and unlike
the homogenizer process, the grinding process requires fewer cycles to obtain nanofi-
brillated cellulose (Spence et al., 2011; Lavoine et al., 2012).

4.2.6 Properties of nanofibrillated cellulose

The production of nanofibrillated cellulose and its application in composite materials
as reinforcement has gained increased attention due to its biodegradability and renew-
ability, high strength, and stiffness combined with nanoscale nature, resulting in a very
high surface area, high aspect ratio, and low weight (Turbak et al., 1983; Nakagaito
and Yano, 2004; Sir6 and Plackett, 2010; Hassan et al., 2012).

Nanofibrillated cellulose are bundles of elementary fibrils separated by less ordered
regions. Depending on the plant species, the diameter of the fibers ranges 10—100 nm,
and the length is in the micrometer range. Depending on the raw material and fibrilla-
tion technique, the degree of polymerization, morphology, and aspect ratio of the
nanofibers can vary (Svagan et al., 2008; Alila et al., 2013).

The morphology of nanofibrillated cellulose (diameter and length) changes with
mechanical treatment and pretreatment. Microscopy techniques, such as scanning elec-
tron microscopy, transmission electron microscopy, and atomic force microscopy, are
used to observe the morphology changes and make the measurement of the fiber sizes.

Fig. 4.5(a) and (b) compares the nanofibrillated surface of bleached bamboo organo-
solv pulp and fibers after 15 cycles of nanofibrillation by the grinding method, respec-
tively. The images show the difference in the surface of the fibers. The average width of
50 fibers was measured using image analysis techniques and was found to be 7.4 pm
and 32.9 nm for pulp and nanofibrillated cellulose, respectively (Correia et al., 2014c).
These results are in agreement with those announced by Iwamoto et al. (2007), who
reported nanofibrillated cellulose having 20—50 nm diameter and more than 1 pm
length following 15 nanofibrillation cycles through the grinder.

Nanofibrillated cellulose is composed of crystalline and amorphous regions, and
measurement of the degree of crystallinity explains the behavior and the properties
of the material. In general, an increase in crystallinity brings about an increase in ten-
sile strength and stiffness and a decrease in chemical reactivity (Chen et al., 2012;
Yuan et al., 2013). Another parameter that has been affected by crystallinity is
swelling: an increase in the crystallinity results in a decrease in swelling of fiber
(Wan et al., 2011).

Iwamoto et al. (2007) determined the degree of crystallinity of nanofibrillated
cellulose obtained following different numbers of cycles through a grinder, and



Characterization of vegetable fibers and their application in cementitious composites 95

/]

— S0 ym—

v | 113 mm | Universty of Toronto Quanta 250Feg

Figure 4.5 Bleached bamboo organosolv pulp (a) and fibers after 15 times of nanofibrillation
by the grinding method (b).

Reproduced from Correia, V.C., Sain, M., Leao, A. L., Santos, S.F., Savastano Jr., H.,
Nanofibrillated cellulose by grinding method from bamboo organosolv pul as
nanoreinforcement in composites.

according to their results, the degree of crystallinity decreases with an increase in the
number of cycles up to about 30 cycles. Iwamoto et al. (2005) report that 10 nanofi-
brillation cycles are enough to produce nanofibrillated cellulose having uniform width
of 50—100 nm, and no significant changes occur in the fibers beyond 10 cycles.

Another property of nanofibrillated cellulose is the reinforcement capacity of the
nanofibers, considering their high contact area and aspect ratio. Mechanical tensile
test of the nanofibrillated film shows that its strength is related to the high interfibril
adhesion properties, great fibril strength, and fewer defects resulting from homoge-
neous distribution (Henriksson et al., 2008).

4.3 Characterization of vegetable fiber composites

4.3.1 Composites reinforced with bamboo cellulose fiber

Bamboo is a potential vegetable fiber for use as a raw material in cellulosic pulp pro-
duction, with a pulping yield around 50%, similar physical and mechanical character-
istics compared to the other fibers used as reinforcement. Bamboo fibers have been
used as reinforcement for organic and inorganic matrices, such as polymers and
cement composites. The growing interest in these fibers is due to their characteristics
as a fast-growing (rapid growth species can reach up to 25 cm/day) (Escamilla and
Habert, 2014) renewable resource, worldwide abundance, relatively low density,
and good mechanical properties. Mechanical and physical properties of bamboo fibers
are similar to those of synthetic fibers, such as E-glass fibers, used in industry for
reinforcement in composite materials (see Table 4.3). Bamboo fibers are often called
“natural glass fibers” (Zakikhani et al., 2014).
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Table 4.3 Physical and mechanical properties (by tensile test) of
bamboo and E-glass fibers

Modulus of
Density Diameter | Elongation at | Tensile elasticity
Fiber (g/cm3) (pm) failure (%) strength (MPa) | (GPa)
Bamboo | 0.88—1.1 [ 100—200 = 391-713 18—55
E-Glass | 2.5 9—15 2.5 2500 70

Adapted from Osorio, L., Trujillo, E., Van Vuure, A.W., Verpoest, 1., 2011. Morphological aspects and mechanical
properties of single bamboo fibers and flexural characterization of bamboo/epoxy composites. Journal of Reinforced
Plastics and Composites 30, 396—408.

Polymeric matrices used for bamboo-based composites include polyethylene, PP,
hybrid composites such as PP and polylactic acid (Han et al., 2008; Ying-Chen
et al., 2010; Xu et al.,, 2011), and biodegradable composites (Siro and Plackett,
2010; Satyanarayana et al., 2009). Bamboo fibers are also used as reinforcement of
construction materials such cement and concrete (Coutts and Ni, 1995; Lima et al.,
2008; Correia et al., 2014a).

Mandal et al. (2010) produced hybrid polymeric composites, replacing up to 25%
of glass fibers with bamboo fibers and no reduction in mechanical properties of the
composites. Thwe and Liao (2002) replaced glass fiber with bamboo fiber in a poly-
meric matrix and reported an increase in tensile modulus and strength. According to
Abdul Khalil et al. (2012), there is ample opportunity for bamboo fibers to replace
or reduce the utilization of synthetic fibers, such as glass, in polymeric composites,
and to do so commercially on an industrial scale.

Bamboo fibers have been used in inorganic matrices as reinforcement of concrete
and fiber—cement. Coutts and Ni (1995) and Correia et al. (2014a) used bamboo
pulp as reinforcement of fiber—cement. The mechanical behavior of the composites
reinforced with bamboo pulp was compatible with that of the commercial fiber—
cement reinforced with Pinus pulp (Coutts and Ni, 1995). The strength of the fiber—
cement reinforced with 8% of bamboo pulp increased after accelerated aging tests and
showed promising behavior concerning the durability of the fiber—cement (Correia
et al., 2014a).

4.3.2 Pulp-reinforced cement-based composites

The use of cellulosic pulp has been present in construction building components
since the 1980s. Cellulosic pulps, which are fibers in the microscale, contribute to
improve the fiber-matrix bonding in cement materials, and therefore, they have a
greater efficiency for use as reinforcement compared to macrofibers. The use of
microfibers in cement-based materials also results in better packing in the matrix;
it is possible to use higher fiber contents (of around 10% by mass), resulting in
improvements in the mechanical properties (Coutts, 1986; Savastano et al., 2003).
Another advantage of pulped cellulose fibers is that they require less energy in
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Table 4.4 Mechanical properties of the cement-based composites
reinforced with 6%, 8%, 10%, and 12% bamboo organosolv pulp

Modulus of Limit of Modulus of
Bamboo pulp rupture proportionality | elasticity Specific
content (%) (MPa) (MPa) (GPa) energy (kJ/m’)
6 6.4+09 38+£1.5 10.6 £ 0.5 0.8 +0.1
8 7.5 +0.1 54+0.6 9.6 £0.8 1.2+ 0.1
10 6.8+ 14 32+£12 62+13 1.9+0.3
12 58+ 1.5 23+1.0 4.54+0.6 21+1.0

Reproduced from Correia, V.C., Santos, S.F., Marmol, G., Curvelo, A.A.S.,

organosolv pulp as reinforcement element in fiber-cement. Construction and Building Materials 72, 65—71.

Savastano Jr., H., 2014a. Potential of bamboo

their preparation than most common synthetic reinforcing fibers, such as PVA and

PP, and can be considered “green” products (Silva et al., 2010).

Correia et al. (2014a) have produced cement composites reinforced with bamboo
organosolv pulp. The authors tested four different levels of pulp (Table 4.4 and
Fig. 4.6), intending to evaluate the content of bamboo pulp to produce a material
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Figure 4.6 Typical stress—strain curves of the composites with 6%, 8%, 10%, and 12% of
bamboo organosolv pulp at under flexure tests.
Reproduced from Correia, V.C., Santos, S.F., Marmol, G., Curvelo, A.A.S., Savastano Jr., H,,
2014a. Potential of bamboo organosolv pulp as reinforcement element in fiber-cement.
Construction and Building Materials 72, 65—71.
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with the improved mechanical properties. The flexural test was performed with a
four-point bending configuration to evaluate the modulus of rupture (MOR), limit of
proportionality (LOP), modulus of elasticity (MOE), and specific energy (SE) of the
composites.

Bamboo pulp content of 8% was sufficient to assure the reinforcement before and
after initial crack propagation, as indicated by MOR and LOP. The mechanical perfor-
mance of the composites reinforced with 10% and 12% pulp was lower due the
porosity added by the pulp, and the toughness in postcracking conditions was higher.

Coutts and Ni (1995) tested the levels of bamboo Kraft pulp ranging from 2% to
14%, and the maximum MOR was at 10% of pulp. Khorami and Ganjian (2013)
have produced fiber—cement composites reinforced with waste kraft pulp to test the
optimum content of reinforcement. The authors tested the levels from 1% to 14% of
pulp, and they concluded that the optimum content was 8%, for which the MOR value
was higher compared to the other levels. Pulp content higher than 8% led to the reduc-
tion of MOR.

4.3.3 Engineered composites with hybrid reinforcement

Embedded nanofibers in a cement matrix provide a partial solution to cracking since
they act as bridges to transfer stress in nanocracks. Many studies have been reported
on the use of carbon nanofibers and nanotubes as reinforcement of cementitious ma-
terials at the nanoscale (Makar et al., 2005; Li et al., 2005; Yakovlev et al., 2006;
Konsta-Gdoutos et al., 2010b; Galao et al., 2014).

In hybrid composites, two or more different types of fibers are combined to produce
a composite that benefits from each of the individual fibers exhibiting a synergistic
response. In hybrid composites with fibers of different sizes, these are combined to
achieve a dense packing and dimensional stability (Banthia and Nandakumar,
2003). The combination of micro- and nanofibers potentially serves as multiple
reinforcement in the scales corresponding to the fiber sizes.

Additionally, some works reported the use of cellulose nanofibers as reinforcement
of cement materials. Ardunay et al. (2012) used 3.3% (by weight) sisal nanofibrillated
cellulose as mortar reinforcement, compared to mortar reinforced with some level of
sisal pulp at 28 days. The nanofibrillated cellulose increased the flexural strength
(26.4%) and the flexural modulus (41.5%).

Fig. 4.7 shows the typical stress—strain curves of the composites subjected to the
flexural test, comparing the composites only with bamboo pulp (8% by weight) and
hybrid composites (5% bamboo pulp + 3% nanofibrillated cellulose). These compos-
ites were produced by the slurry vacuum de-watering and pressing method (using
pressure of 3.2 MPa during 5 min) and subjected to thermal curing at 45°C for 8 days.

The curves show that 3% by weight of nanofibrillated cellulose did not contribute to
the improvement of the mechanical performance of the composites. The composite
with 8% of pulp showed the highest ability to absorb energy during the fracture pro-
cess. The water/cement (w/c) ratios corresponding to composites reinforced only with
pulp and to hybrid composites were 0.46 and 0.54, respectively. The higher w/c ratio of
the hybrid composites is attributed to the high specific surface area of the
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Figure 4.7 Typical stress—strain curves of the composites reinforced with 8% of bamboo
organosolv pulp compared to the hybrid composites with bamboo pulp + nanofibrillated
cellulose and eucalyptus pulp + nanofibrillated cellulose.

nanofibrillated cellulose, which absorbs more water and consequently has contributed
to increase the porosity and to decrease the mechanical properties of the composites
with nanofibrillated cellulose.

Fig. 4.7 also compares the hybrid composites with 8% of eucalyptus pulp + 1% of
nanofibrillated cellulose, produced by modification of the slurry vacuum de-watering
and pressing method. The pressure of 3.2 MPa during 5.0 min was increased to
5.0 MPa during 10 min, and such composites were subjected to supercritical carbon-
ation cure according to Santos et al. (2015).

The curves show that the increase of pressure has promoted the mechanical perfor-
mance of the composite with 8% eucalyptus pulp 4+ 1% of nanofibrillated cellulose.
The MOR and the SE of composites with 8% eucalyptus pulp + 1% of nanofibrillated
cellulose was, respectively, 57.2% and 78.3% higher than the composite with 5%
bamboo pulp + 3% of nannofibrillated cellulose. From the modification of the produc-
tion method, the matrix was densified, which can be observed in the higher MOE.

The cure by accelerated carbonation also contributed significantly to improvements
in mechanical performance of composites with eucalyptus pulp. This behavior is
attributed to the reactions that occur during carbonation, from which occurs the precip-
itation of calcium carbonate (CaCOs3) to the pores of the matrix and favors its
densification.
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The reactions that occur during accelerated carbonation (filling the pores with
CaCO3) result in reduction of porosity and water absorption, and they make the cement
matrix denser, which improves the mechanical properties of the resulting composite
(Akers and Studinka, 1989; Macvicar et al., 1999; Lesti et al., 2013).

The aforementioned results indicate that the type of material and its production
method and the cure procedure affect the nanoreinforcement in the cement-based
materials.

4.3.4 Durability

Carbonation is the reaction of cement hydration products with carbon dioxide (CO5).
Accelerated carbonation of cement materials can be used to improve the durability of
cellulose fiber—cement composites because it reduces the alkalinity of the cement ma-
trix, making it less aggressive to the cellulose fibers (Macvicar et al., 1999; Savastano
et al., 2003; Toledo Filho et al., 2005). During carbonation, CO, is diffused through
unsaturated pores of the cementitious matrix, and it is dissolved in the aqueous phase
in the pores and transformed into carbonic acid (H,COs3). This is dissociated into
HCO 2 and CO? ions, along with the dissolution of Ca(OH),, that releases Ca>"
and OH™ ions, which precipitate and form calcium carbonate (CaCO3) (Fernandez
et al., 2004; Peter et al., 2008; Almeida et al., 2013; Santos et al., 2015).

The durability of the cement-based composites reinforced with vegetable fibers can
be assessed by the alternating of soak and dry cycles. Accelerated aging testing has the
advantage of providing results in the shortest time interval and simulates the natural
aging of the material.

Fig. 4.8 shows the typical curves of the hybrid composites reinforced with 8% of euca-
lyptus pulp + 1% of nanofibrillated cellulose, and composites reinforced only with
eucalyptus pulp (9%). The curves present the effect of the accelerated carbonation in
the mechanical performance of both composites. There is an increase of SE and MOR
in the composites after accelerated carbonation, as a consequence of the matrix
densification.

Fig. 4.9 present the typical curves of the composites reinforced with 8% of bamboo
organosolv pulp before and after 200 wet and dry cycles. The results show a decrease of
the SE after accelerated aging, which indicates their embrittlement; however, the MOR
increased. This performance is due to the higher fiber-matrix bonding caused by the
matrix densification, which occurs on account of filling of the pores by the calcium car-
bonate produced during the carbonation (Bentur and Akers, 1989). The increase of the
MOR of the composites after accelerated aging indicates that despite the embrittlement
of the composite, the fibers and the composite have not impaired their durability.

4.4 Final remarks and perspective for future

research needs

Nonconventional building materials and their application have been extensively
investigated as an alternative for cost-effective housing in developing countries.



Characterization of vegetable fibers and their application in cementitious composites 101

8% pulp + 1% nanofibrillated cellulose
e 8% pulp + 1% nanofibrillated cellulose carbonated
15 - = 9% pulp

9% pulp carbonated
g
s 10
[2]
[%]
o
®
©
L
0 .
0.00 0.10

Specific deformation (mm/mm)
Figure 4.8 Typical stress—strain curves under flexure tests of the composites reinforced with
8% pulp + 1% nanofibrillated cellulose, and 9% pulp in carbonated and noncarbonated
conditions.
Reproduced from Correia, V.C., Santos, S.F., Savastano Jr., H., 2015. Effect of the accelerated
carbonation in fibercement composites reinforced with eucalyptus pulp and nanofibrillated
cellulose. World Academy of Science, Engineering and Technology: International Journal of
Civil, Architectural, Structural and Construction Engineering 9, 7—10.

The present work contributes to the widespread use of the vegetable fibers as a
source of raw material that may be used to reinforce composites and give them
new properties for applications as insulating panels, roofing tiles, siding, etc. The
mechanical and physical characteristics of the different types of vegetable fibers
available must be determined to better explore their potential as reinforcement.
Similarly, their morphological properties (length, diameter, and fibrillation) and
chemistry of their surface lead to important changes in the fiber to cement bond
in vegetable fiber—reinforced cement materials. Fibrillation and hydrophilicity of
the fiber surface improves the fiber to cement adherence. The use of regional
agro-industrial residues and local vegetable fibers is a constructive way to minimize
transport energy and simplify logistics in the global civil construction market. The
possibility of using carbon dioxide for accelerating the hardening and stabilization
of products made from Portland cement is also attractive. Accelerated carbonation
curing has been studied to mitigate the cellulose fiber degradation in the cementi-
tious composites and for the maintenance of their mechanical performance under
weathering. Initial efforts to explore nanotechnology and/or nanoscience in the
development of the construction industry have focused on understanding the nano-
scale phenomena and improving the performance of commercial materials and
products. The use of nanoreinforcements and functional nanostructures in
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Figure 4.9 Typical stress—strain curves during flexural tests of the composites reinforced with
8% bamboo organosolv pulp at 8 days and after 200 wet and dry cycles.
Adapted from Correia, V.C., Santos, S.F., Marmol, G., Curvelo, A.A.S., Savastano Jr., H.,

2014a. Potential of bamboo organosolv pulp as reinforcement element in fiber-cement.
Construction and Building Materials 72, 65—71.

cement-based composites has been scarcely explored in the literature, and therefore
further investigation is merited. Further development and optimization of the me-
chanical defibrillation process could lower the production costs of micro/nanofibers
for engineering of fiber—cement materials. The development of standard pull-out
test procedures and standardization of equipment suitable for testing particular
vegetable fibers should be considered and better explored. Additionally, new
methods for producing the cementitious composites may also be considered having
the goals of low energy consumption, varied geometry of products, lower initial
investment requirements for a new plant, the use of simpler machines for contin-
uous production, the possibility of partial alignment of fibers, and new concepts
and technologies to improve durability.
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5.1 Introduction

Biocomposites are natural fibre-reinforced biopolymers. Researchers have been
developing these materials as an alternative to conventional materials that may be
nonrenewable, recalcitrant, or manufactured by pollution emitting processes. While
industrial-scale production of biocomposites is becoming more viable, the durability
of these natural materials limits application in many environments. This chapter
defines biocomposites and provides examples of particular biocomposites and their
material properties. The chapter then focuses on durability challenges and efforts
being made to improve resistance to various environmental challenges.

The definition of biocomposites varies greatly throughout the literature with some
definitions including composites composed of synthetic fibres or polymers. Compila-
tions of research on biocomposites (Mohanty et al., 2005a; Wool and Sun, 2005) and
many review articles (Billington et al., 2014; John and Thomas, 2008; Kozlowski and
Wladyka-Przybylak, 2008; Chapple and Anandjiwala, 2010; Dittenber and GangaRao,
2012; Sahari and Sapuan, 2012; Azwa et al., 2013; Koronis et al., 2013; Dicker et al.,
2014; Faruk et al., 2014; Mngomezulu et al., 2014; Thakur et al., 2014; Netravali and
Chabba, 2003; Mohanty et al., 2000c) provide an excellent overview of composites
made from natural fibres and/or biopolymers. This chapter focuses on composites
made only of natural materials, that is, natural fibres and biopolymers.

5.2 Description of biocomposites

Composites are structural materials made by combining two or more constituent
materials with significantly different properties. Fibre-reinforced polymers (FRP)
are composites in which fibres are embedded in a polymeric matrix. The polymer
binds the fibres together giving shape to the composite, distributes stresses between
fibres, resists a small amount of stress and typically protects the fibres from exposure
to the environment. Typically, the fibres are stronger and stiffer than the polymeric
matrix, which means that the fibre behaviour dominates the mechanical behaviour,
while the matrix tends to dominate the durability performance. The materials used
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to form conventional composites are often synthetic, for example, glass and carbon
fibres and petroleum-based polymers. These materials are used in many industries
from aerospace to automotive, sports and construction. Applications within the con-
struction industry include reinforcing bars for concrete, external reinforcement used
to repair or strengthen existing components of concrete and steel, and pultruded
cross sections. While these materials show significant strength and do not corrode,
their constituents and their manufacturing processes, like many construction mate-
rials, require the use of nonrenewable materials and fossil fuels.

Biocomposites comprised of natural fibres and bio-based polymers are being
developed to provide an environmentally responsible alternative to conventional ma-
terials. Although, some researchers extend the definition to include composites made
with natural fibres and petroleum-derived polymers and composites made with syn-
thetic fibres and biopolymers (Mohanty et al., 2005a; Wool and Sun, 2005), in this
chapter, biocomposites are defined as being entirely constituted of bio-based mate-
rials. Benefits of biocomposites include that the materials are derived from renewable
resources and in many cases can completely biodegrade when subjected to an appro-
priate environment. Current uses of biocomposites tend to be nonstructural and
located in controlled environments due to their variable mechanical behaviour and
unknown long-term durability.

Maximum tensile strength and stiffness of biocomposites range from about 20 to
200 MPa and 1 to 4 GPa, respectively (Mohanty et al., 2005a; Netravali et al., 2007).
Most impressively, unidirectionally oriented ramie fibre/soy protein concentrate
have exhibited tensile properties comparable to steel (Netravali and Chabba,
2003). For most biocomposites to compete with conventional construction materials,
their structural shapes are often modified using, for example, cellular cross sections,
sandwich panels and idealised cross sections like rectangular tubes.

5.2.1 Natural forms of fibre/polymer biocomposites

Nature has provided us with examples of biocomposites in plants, wood, bird feathers
and bone. Filaments within the stems of plants are composed of cellulose and hemicel-
lulose bonded together by a matrix of lignin or pectin. Wood is composed of long cel-
lulose fibres bonded together by lignin. Bone is comprised of hydroxyapatite, a hard
material, and collagen, a flexible material.

Early uses of natural fibre biopolymer composites have been recorded as early as
the 6th century BCE. Linothorax is a laminated armour of linen and animal fat used
by Greek and Macedonian warriors from the 6th to 3rd centuries BCE. Because the
material biodegrades, the only evidence of linothorax is literary and iconic depictions
in mosaics and other artwork from the time (Aldrete, 2013). Mongols fabricated
bows from wood, bone and ‘animal glue’ around 1200 (Oestmoen, 2002). The pneu-
matic tyre made from natural rubber reinforced with cotton cording was invented by
R.W. Thomson in 1845 (Staiger and Tucker, 2008). Linoleum, a mixture of
linseed oil, rosin, wood flour, cork powder and pigments rolled onto jute fibre
backing, was patented in 1860 by Frederick Walton (Staiger and Tucker, 2008).
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In 1942, Henry Ford produced a prototype automobile body of soybean, hemp, flax,
wheat and ramie (Soybean Car, 2015).

5.2.2 Natural fibres

Many natural fibres have excellent mechanical properties, although, in comparison to
synthetic fibres, exhibit greater variation in properties. Natural fibres can be derived
from plants, animals and minerals. Animal fibres include hair and silk. Natural mineral
fibres, like asbestos, are nonrenewable and in some cases carcinogenic (Riedel and
Nickel, 1999); so are not used in biocomposites. Plant fibres have lower density
than many synthetic fibres, are renewable and biodegradable, and can exhibit high ten-
sile strength and stiffness (Table 5.1).

One of the biggest obstacles to the use of natural fibres in the composites indus-
try is their uncertain durability affecting both application and processing. Natural
fibres have high moisture absorption, can be microbially degraded, and are suscep-
tible to rotting. Additionally, natural fibres tend to degrade under thermal loads
at relatively low temperatures, around 200°C. Processing of composites typically
involves heating a polymer to melt or cure, and the low thermal degradation tem-
perature for natural fibres limits the potential matrices to those polymers that melt
or cure below 200°C. Finally, physical properties of natural fibres are inconsistent,
varying by harvest season and region with differences in temperature, moisture,
soil, sun, and can additionally be dependent upon the part of the plant from which
the fibre is extracted (Koronis et al., 2013).

Natural fibres have high moisture absorption (hydrophilic) because hydroxyl
(OH) groups located on the backbone of the cellulose structure readily bond with water
(Herrera Franco and Valadez-Gonzalez, 2005), which limits the hydrogen bonding
sites available for bonding with a matrix (Dittenber and GangaRao, 2012). The differ-
ence in polarity between the highly polar natural fibres and nonpolar polymer matrices

Table 5.1 Mechanical properties of natural fibres (Mohanty et al.,
2000a; Okubo et al., 2004; Dittenber and GangaRao, 2012)

Tensile Tensile Elongation
Fibre strength (MPa) modulus (GPa) at break (%)
Flax 340—2000 28—103 1.2-33
Hemp 270—900 24-90 1.0-3.5
Jute 320—800 878 1.2—1.8
Kenaf 220-930 14—-53 1.5-2.7
Ramie 400—1000 24—128 1.2—4.0
Sisal 360—700 9-38 2.0-7.0
Bamboo 140—800 11-49 1.3-3.7
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leads to poor interfacial bonding (Herrera Franco and Valadez-Gonzalez, 2005). Poor
adhesion at the interface limits stress transfer at the fibre-matrix interface resulting in
low composite strength and stiffness because the fibres are not fully utilised. Compa-
tibilising and coupling agents introduce chemical bonds between fibres and matrices
to improve adhesion and consequently mechanical properties (Herrera Franco and
Valadez-Gonzalez, 2005; eg, Khan et al., 2001; Lee et al., 2003; Mohanty et al.,
2000b). Popular fibre treatments include alkali (mercerisation), acetylation, stearic
acid, benzylation, peroxide, anhydride, permanganate, silane, isocyanate and plasma
(La Mantia and Morreale, 2011). The properties and processing of composites vary
greatly depending upon the type of fibre that is used. Long fibres and fabrics are
more often used for structural purposes than short fibres because they are easier to
align and rarely pull-out from the polymer, allowing the fibre to reach its full strength.
Physical properties of natural fibres vary between harvest seasons and regions due to
variable sun, rain and soil conditions (Koronis et al., 2013). To reduce the effects of
fibre variability and provide consistent composite behaviour, batches of fibres from
different harvests could be mixed (Mussig et al., 2006), or genetic transformation
may be employed to provide a more reliable source of fibres (Koronis et al., 2013).

5.2.3 Biopolymers

Biopolymers are polymers that are produced by or derived from living organisms, such as
plants and microbes, rather than from petroleum, the traditional source of polymers. The
primary sources of biopolymers are renewable. Many, but not all, biopolymers are biode-
gradable, which means they ‘are capable of decomposing into carbon dioxide, methane,
water, inorganic compounds or biomass by the enzymatic action of microorganisms’
(Kandola, 2012). While biopolymers make up only a small percentage of the polymer
market, it has been predicted that they have the ability to replace 30—90% of
petroleum-based polymers (Shen and Patel, 2009; USDA, 2008). Table 5.2 shows
mechanical properties for select biopolymers often considered for biocomposite matrices.

Choice of biopolymer to be used in construction often depends on mechanical
behaviour, moisture absorption, photodegradation stability, availability, compatibility
and cost. Polylactic acid (PLA) and Polyhydroxyalkoanate (PHA) are the most com-
mon biopolymers in terms of production and use but are mainly used for short-term
applications (Reddy, 2012). Starch-based biopolymers are the only biopolymers that
can be produced without the use of advanced biotechnology such as advanced fermen-
tation techniques or microbiological methods. Biodegradable polymers include PLA,
cellulose esters (cellulose acetate), starch plastic, poly e-caprolactone and aliphatic
polyester-copolyesters which are all hydrophilic. While initial commercialisation
has focused on short-term applications for biopolymers, research and development
is now directed to increasing the durability of these polymers (Chen and Patel,
2011). Researchers are beginning to use genetically modified crops to produce higher
quality polymers (Reddy, 2012). The biggest challenge for biopolymers remains their
relatively high price (Reddy, 2012).

PHAs are a group of biopolymers that has shown promise for use in construction.
PHA is the only biopolymer that can be completely synthesised by microorganisms.
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Table 5.2 Mechanical properties of biopolymers (Mohanty et al.,
2005b; Netravali et al., 2007; Mohanty et al., 2004; Dicker et al.,

2014)
Tensile modulus Elongation
Biopolymer Tensile strength (MPa) (MPa) at break (%)
PLA 21-60 350—3800 2.5—6
PHB 24—40 1700—4000 5-9
PHBV 25 1000 25
SPC 50 2000 12
Cellulose acetate 30—40 (flexural strength) 1000—2000 =
Starch 5—6 130—850 3144

PLA, polylactic acid; PHB, polyhydroxybutyrate; PHBV, polyhydroxybutyrate-co-hydroxyvalerate; SPC, soy protein
concentrate.

Carbon-based feedstocks for PHAs include sugarcane, whey and methane. Researchers
have focused significantly on polyhydroxybutyrate (PHB) and polyhydroxybutyrate-co-
hydroxyvalerate (PHBV) for construction-based applications. PHAs have been blended
with other biopolymers, such as PLA and starches, to improve mechanical, biodegrada-
tion and morphological properties (Reddy et al., 2013). PHB is water-insoluble, which
should be a benefit as most biopolymers are not.

Biopolymers for composites can also be derived from vegetable oils and proteins
(eg, soybean oil or linseed oil). Khot et al. (2001) synthesised acrylated epoxidised
soybean oil, maleinised soybean oil monoglyceride and maleinised hydroxylated soy-
bean oil monomers from triglycerides. Netravali et al. (2007) produced biocomposites
from soy protein isolate and soy protein concentrate (SPC) matrices that exhibit supe-
rior mechanical properties.

5.2.4 Composite forms

Fibres and matrices can be combined into bulk or laminate composites. Bulk compos-
ites consist of randomly oriented fibres distributed in three dimensions, intended to
result in nearly isotropic behaviour. However, the mixing process is known to chop
fibres into smaller pieces, and fibres often clump together, resulting in variable prop-
erties throughout composite. Laminate composites are orthotropic, consisting of mul-
tiple layers of oriented or randomly oriented fibres bound together by a matrix in which
each layer of fibres has a two-dimensional (ie, planar) orientation.

5.2.5 Concerns about behaviour

The incompatibility of natural fibres and polymers, poor moisture resistance of nat-
ural fibres, propensity for short-fibre clumping during fabrication and low thermal
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decomposition temperature limit the potential applications of biocomposites (Saheb
and Jog, 1999). Application of biocomposites is typically limited to interior and
nonstructural applications due to their poor mechanical properties, fire resistance,
fibre/matrix adhesion and durability, susceptibility to moisture-induced changes,
variation in fibre quality and manufacturing difficulties (Dittenber and GangaRao,
2012). Engineering biocomposites through fibre treatment, biopolymer blending, ad-
ditives, coatings and efficient processing are described as methods for producing
commercially viable biocomposites (Mohanty et al., 2002; Dittenber and GangaRao,
2012).

Long-term behaviour, including fatigue and creep behaviours, and lifetime predic-
tion for biocomposites is unknown and potentially of major concern (Dittenber and
GangaRao, 2012). Most extant durability studies have focused on moisture and weath-
ering (Dittenber and GangaRao, 2012).

Commercial production of biopolymers is still in its infancy and improved processing
is a major focus of research. While some biopolymers may be naturally synthesised,
many must be entirely synthesised from the renewable resources. Research has focused
on increasing scale, improving yields and reducing production costs. As the industry
becomes established, the price of biopolymers is expected to decrease. This trend has
been shown for PLA (Reddy et al., 2013).

Growth and processing of natural fibres can be relatively low-tech utilising the
skills of local farmers, weavers and workers. Suitable natural fibres grow quickly
at low cost and can be produced locally. Composite manufacturing varies by mate-
rial. While some processes require a capital investment and energy consumption,
others are relatively simple with little upfront cost. Fabrication by pultrusion, injec-
tion moulding and compression moulding, for example, require a capital investment,
while vacuum injection, hand lay-up and vacuum pressing are relatively inexpensive
and simple.

Heat and pressure are usually applied for manufacturing composites. Pressure is
applied to consolidate the composite to achieve a higher fibre volume fraction and
to induce flow of the liquid matrix around the fibres (ie, improve and ensure
wet-out). Heat performs different functions depending on the matrix type. Ther-
moset polymers are heated to induce crosslinking of the polymer chains. Heat is
added to thermoplastics to melt the plastic and lower its viscosity so that the poly-
mer can flow around the fibres. Upon cooling, the thermoplastic solidifies in the
new shape.

5.2.6 Applications

Acceptance of composite materials, and especially biocomposites, in the construc-
tion industry has been slow, in part due to the uncertainty in long-term performance
of the materials. Nonstructural applications are more likely to precede structural
applications, and use in controlled environments will be required until confidence
in the long-term durability of the materials is established. Proposed uses of bio-
composites in the construction industry include light-weight structures, internal/
secondary structural elements, facade panels, door frames and other architectural
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uses. Biocomposites have been used to replace wood fittings, fixtures, furniture and
noise insulating panels (Mohanty et al., 2005a) and as tiles, flower pots and marine
piers (Yan et al., 2012). Toyota Motors has used kenaf-reinforced PLA for spare
tyre covers and interior door trim (Toyota Boshoku, 2015). Fatima and Mohanty
(2011) investigated the noise-reducing properties of jute and natural rubber latex
jute felt composites.

5.3 Durability concerns

This section discusses the performance of biocomposites when exposed to conditions
that include moisture, elevated temperature, UV, bacteria and fire. Natural weathering
conditions, such as temperature, humidity, ultraviolet radiation and rain can negatively
affect the behaviour of the composites. Changes in physical properties (eg, colour, sur-
face roughness and weight) and mechanical properties (eg, strength and stiffness) of
conditioned specimens in previous research are reviewed.

5.3.1 Hygrothermal effects

Exposure to moisture almost always has a negative effect on the performance of bio-
composites. Water can plasticise hydrophilic polymers and natural fibres causing reduc-
tion in stiffness. Differential expansion between the fibres and the matrix can introduce
permanent damage to the fibre-matrix interface and to hydrophobic matrices. While pure
thermal effects have not been a major focus of study for in-service biocomposites,
typical variation in polymer behaviour with temperature suggests that stiffness will
decrease near the melting temperature and failure will become more brittle near the glass
transition temperature.

5.3.1.1 Moisture

Expected humidity and water exposure varies by climate; therefore potential exterior
uses of biocomposites are limited. Interior conditions can be controlled and, therefore,
provide a better environment for successful use of biocomposites.

Natural fibre composites absorb more moisture and exhibit more severe water-related
degradation than composites made with synthetic fibres mainly due to the hydrophilic
nature of the natural fibres. Natural fibres swell as they absorb moisture and, once the
fibres are saturated, moisture enters the fibre-matrix interfacial region. Indeed, if bonding
between fibres and matrix are poor, water may enter this region prior to saturation of
fibre. Fibre swelling results in poor dimensional stability, and moisture at the fibre-
matrix interface may also cause delamination. Moisture absorption has been shown to
increase with an increase in fibre volume fraction (Cinelli, 2003). Upon absorption of
moisture, natural fibres plasticise, resulting in lower fibre stiffness.

The effects of moisture absorption vary greatly depending upon the absorption
properties of the matrix. Biocomposites with hydrophilic matrices (eg, starch-,
cellulose- and soy protein-based) have been shown to absorb substantially more
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moisture than those with hydrophobic matrices (Christian and Billington, 2012;
Alvarez et al., 2004). Moisture acts as a plasticiser, reducing the stiffness of hydro-
philic matrices. A 30—50% loss in flexure modulus and a 70% loss in tension
modulus were observed for sisal/MaterBi-Y (derived from cellulose and starch)
and hemp/cellulose acetate biocomposites, respectively, when exposed to high
humidity and/or water immersion (Alvarez et al., 2004; Alvarez and Vasquez,
2004; Christian and Billington, 2012). Yet, hydrophobic matrices (eg, PHB and
PHBV) may sustain more permanent damage than their hydrophilic counterparts
because fibre swelling induces higher internal stresses in the stiffer materials, result-
ing in cracking. Christian and Billington (2012) observed more significant cracking
and lower recovery of mechanical properties upon drying for hemp/PHB as
compared to hemp/cellulose acetate biocomposites.

Improving biocomposite performance when exposed to moisture has been a focus
of many researchers. Most research has focused on treatment of natural fibres to
reduce their hydrophilicity and to improve the fibre-matrix interfacial bond. Treat-
ment of natural fibres may remove hemicellulose, the most hydrophilic component
of natural fibres, reduce the number of hydroxyl groups free to bond with water,
coat the fibre with a hydrophobic layer and/or coat the fibre with a compatibiliser
to improve the interfacial bond between the fibre and the matrix. When the
fibre—matrix bond is improved, the moisture absorption of the resulting biocomposite
is lowered. Fibre treatments including alkalisation, pectin enzyme treatment and
Duralin steam treatment (Pott, 2001) have been shown to reduce moisture absorption
in natural fibres (Dittenber and GangaRao, 2012). Barrier systems, such as waterproof
coatings, are typically only effective in the short to medium term (Dittenber and
GangaRao, 2012).

5.3.1.2 Temperature

Temperature effects will be most pronounced in extreme climates where ambient tem-
peratures are near the glass transition and melting temperatures and where absorption
of solar radiation leads to material temperatures well above ambient temperature.
Dimensional stability may impact in-service appearance and mechanical performance,
and differential expansion may lead to material damage similar to that due to moisture
absorption (Azwa et al., 2013). Studies on thermal effects have been limited to small,
laboratory-scale testing via thermogravimetric analysis (TGA), differential scanning
calorimetry and dynamic mechanical thermal analysis (Holloway, 2010; Azwa
et al., 2013). While TGA often focuses on degradation at high temperatures, which
is important for manufacturing and fire exposure, degradation at lower temperatures
may be used to compare the thermal stability of biocomposites in the typical service
ranges (Azwa et al., 2013).

5.3.2 Ultraviolet (UV) radiation

UV radiation causes photodegradation of exposed materials. Solar radiation cleaves
covalent bonds in organic polymers, which may cause discolouration, surface
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roughening, mechanical property degradation and embrittlement of biocomposites
(Azwa, 2013). Photodegradation of the lignin in natural fibres results in chemicals
that impart a yellowing discolouration (Beg and Pickering, 2008). Campos et al.
(2012) found that UV exposure of thermoplastic starch/sisal and polycaprolactone/
sisal biocomposites led to embrittlement, colour change, holes in the surface and
reduction in mechanical properties. In the laboratory, materials are rarely exposed to
UV alone (Campos et al., 2012), but are often exposed to a combination of UV, mois-
ture and temperature intended to simulate actual conditions at an accelerated rate (eg,
Chen et al., 2011).

5.3.3 Accelerated weathering

Actual environmental conditions vary constantly. While understanding the effects of
individual conditions is imperative to improving biocomposite durability, in service,
materials are exposed to constantly varying conditions. In the laboratory, researchers
expose biocomposite materials to a combination of UV, moisture and temperature
intended to simulate actual conditions at an accelerated rate. While researchers
have not correlated laboratory results to expected in-service performance, they are
able to compare relative performance of materials exposed to the same conditions.
Nonetheless, relatively few studies have been conducted for fully bio-biocomposite
materials.

Michel and Billington (2012) tested PHB/hemp composites in an accelerated test
and observed significant damage: increased thickness due to fibre swelling, mass
loss due to cyclic hygrothermal fibre expansion/contraction and polymer erosion,
cracking in biopolymer matrix becoming more severe as cracks further exposed fibres
to moisture and flaking of the PHB polymer due to polymer embrittlement and
cracking. Mechanical deterioration was attributed to incompatible deformations be-
tween fibres and matrix because the primary failure mode changed from fibre fracture
to pull-out following exposure.

5.3.4 Fire

Combustibility and significant loss of strength and stiffness at elevated temperatures
pose a technical barrier to the widespread use of FRPs in structural engineering appli-
cations (Azwa et al., 2013). Ignited polymer matrices decompose into combustible and
noncombustible gases, smoke and liquid, which cause hazards due to inhalation of
toxic gases, loss of structural integrity and ignition of other sources due to dripping
(Azwa et al., 2013). In addition to adverse effects of the matrix, the natural fibres in
biocomposites pose additional fire safety threats both individually and in conjunction
with the matrix.

When biopolymers undergo thermal decomposition, they release heat, smoke and
volatiles. Typical combustible volatiles that may be released include hydrocarbons
and carbon monoxide. Noncombustible volatiles include carbon dioxide and hydrogen
halides (Chapple and Anandjiwala, 2010). Quite often, exposure to these volatiles is
more damaging to human health than the fire itself. Another risk that presents itself
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is flammable volatiles coming into contact with oxygen and producing highly reactive
hydroxyl radicals which can lead to further decomposition of the polymer and sustain
the burning of the fire (Mouritz and Gibson, 2006). Of course, the type and degree of
decomposition is dependent on the type of polymer.

Variation in natural fibre flammability is in part due to differences in fibre micro-
structure and chemical composition (Chapple and Anandjiwala, 2010; Dittenber and
GangaRao, 2012). In general, fibres with high crystallinity and lower polymerisation
are less flammable (Chapple and Anandjiwala, 2010; Dittenber and GangaRao, 2012;
Azwa et al., 2013). The composition of a natural fibre largely influences performance
at elevated temperatures because cellulose, lignin and hemicellulose, the major fibre
components, behave in markedly different ways.

Most natural fibres begin to degrade at temperatures exceeding 170—200°C (Dicker
et al., 2014). The pyrolysis of hemicellulose occurs rapidly from 220 to 315°C, while
pyrolysis of cellulose occurs from 315 to 400°C. Lignin, on the other hand, decom-
poses over a wider range from 160 to 900°C (Dorez et al., 2014). Among the compo-
nents that make up natural fibres, lignin is the most difficult to decompose, as it has a
low decomposition rate and a broad decomposition temperature range (Zhou et al.,
2013). Also, lignin is responsible for char formation, which protects the integrity of
underlying biocomposites by acting as a layer of insulation (Azwa et al., 2013;
Dittenber et al., 2012). A high content of cellulose can result in an increased flamma-
bility of the fibre. Its decomposition can emit flammable volatiles, noncombustible
gases and tars and allow char formation. When hemicellulose decomposes, it adds
significantly to the amount of noncombustible gases produced but produces less tar
(Chapple and Anandjiwala, 2010).

Like FRPs in general, biocomposites experience creep, softening and distortion at
relatively low temperatures (100—200°C) leading to a significant loss in strength and
stiffness and the potential for buckling of load bearing components (Azwa et al., 2013).
While fibres help to maintain the integrity of the composite in fire, which otherwise
may be compromised by softening and melting of the polymer matrix, flammability
of natural fibres result in generally poorer performance than synthetic fibres (Azwa
et al., 2013). Likewise, the ‘scaffolding effect’ that may enhance decomposition and
production of hazardous chemicals in composites when the polymer remains in contact
with the heat source due to the continued integrity of the fibre reinforcement will not be
as pronounced with natural fibres.

Fire resistance of composites can be improved by reducing flammability of the
composite components and the composite as a whole (Chapple and Anandjiwala,
2010). Flame retardants are added to natural fibres through soaking and polymers
by additive mixing. Upon exposure to flame, these retardants may char improving
the insulation at the surface, produce water and react with H and —OH radicals in
the flame to stop combustion, create a vapour-rich gas phase to limit oxygen avail-
able for burning at the surface, and reduce dripping of the melting polymer. Fibre
modification by acetylation and acrylonitrile grafting has been shown to improve
thermal stability. Finally, intumescent systems painted on the surface of the bio-
composite char and expand upon exposure to flame, which creates a surface layer
that limits heat transfer and oxygen access (Chapple and Anandjiwala, 2010).



Natural fibre-reinforced noncementitious composites (biocomposites) 121

5.3.5 Bacteria and fungus

Bacteria growth on biocomposite materials is evidence of biodegradation. High expo-
sure to and absorption of water lead to conditions that may promote bacterial growth
(Azwa et al., 2013). Laboratory-scale studies have shown that biocomposites made
from PLA, PBS and PHB with various fibres biodegrade through enzymatic degrada-
tion and/or anaerobic digestion (Morse, 2009; Lee and Wang, 2000).

Soil burial tests for sisal/PLA and flax/PHB have shown that exposure to microor-
ganisms present in soil (eg, bacteria and fungi) causes holes and cracking on the bio-
composite surface as well as a reduction in mechanical properties (Alvarez et al., 2006;
Christian, 2015). These studies suggest that in-service exposure to microorganisms
will likely cause biodegradation of these biocomposites.

5.4 Managing durability

This section briefly discusses how design for specific durability performance criterion,
affects material performance with respect to other design or performance considerations
including mechanical properties, aesthetic quality, constructability dimensional stabil-
ity, thermal stability, moisture stability, UV stability, sustainability and anticipated life-
span. For each application, specific requirements are set for these criteria. Unless, the
environmental conditions can be controlled (eg, some interior locations), materials
must often be designed to meet competing performance requirements.

5.4.1 Performance consequences of design decisions

Given the sensitivity of biocomposite materials to environmental conditions, material
design choices to improve performance for specific criteria have repercussions with
respect to other performance criteria. Many studies have called attention to the conse-
quences of targeted design decisions or treatments on other important performance
requirements. Examples of potential interactions are discussed.

The most fundamental design decision is the choice of fibre volume fraction.
Designers must balance the need for high mechanical properties with the need to
limit material damage due to moisture absorption. High fibre volume fraction corre-
sponds to improved mechanical performance but also to greater moisture-related
damage. When mechanical performance is specified, fibre volume fraction may be
chosen only to meet but not exceed those requirements, thereby minimising potential
moisture absorption (Azwa et al., 2013).

Treatment of fibres to improve moisture performance often strip the lignin present
in the fibres. Because lignin is the component within the fibre responsible for charring,
many moisture treatments may reduce the fire performance of the biocomposite.

Alkali treatment used to reduce the moisture absorption of natural fibres can also
degrade cellulose fibres resulting in reduced strength of the natural fibre and addition-
ally results in polluted wastewater (Dittenber and GangaRao, 2012).
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Positive side effects of the Duralin process used to reduce moisture absorption
include improved fibre yield and quality, stability, resistance to fungal attacks and me-
chanical properties, which are balanced by increased embodied energy due to steaming
of the natural fibres (Pott, 2001; Dittenber and GangaRao, 2012).

Fire retardants added to wood fibre—reinforced high-density polyethylene (HDPE)
caused reduction in colour retention when exposed to UV, but the addition of light sta-
biliser reduced the effect (Garcia et al., 2009). The addition of fire retardants to coconut
fibre/PLA has been shown to reduce tensile properties (Suardana et al., 2011).

By bleaching natural fibres to remove lignin and hemicellulose, Beg and Pickering
(2008) improved thermal stability at lower temperatures (275—400°C). Consequently,
the removal of lignin reduced the amount of charring which acts as insulation leading
to increased thermal degradation at higher temperatures (400—500°C). Further studies
into the optimisation of lignin content are needed to achieve required thermal stability
within different temperature ranges (Azwa et al., 2013).

5.4.2 Optimisation for tuned performance

The most appropriate way to manage durability is to intelligently choose the location
and function of each material component so that the strengths of the material are taken
advantage of and the weaknesses do not pose a risk or fail to meet desired performance.
Understanding the interactions between the material components and the durability
treatments is a good first step toward successful implementation of biocomposites.
Designers must also clearly define the performance criteria and priorities for a specific
application. Given the number of variables with respect to performance and bio-
composite processing, the development of a single ‘standard’ biocomposite material
is not practical. Rather, fine-tuning of biocomposite material properties for specific
applications may allow for more immediate implementation of these materials.

Relatively little work has been done to optimise biocomposite materials to meet
competing performance requirements. Systematic studies of the interactions are required
to define clear relationships between both individual and multiple variables. Given the
complexity of the systems of treatment methods and performance and the wide variation
of potential biocomposite materials, optimisation programs for design decision-making
are a current research focus (Srubar et al., 2014; Miller et al., 2015).

5.5 Conclusions and future research

While biocomposites have been the subject of research for use in infrastructure, signif-
icant challenges with regard to durability have limited the application of these materials.
To achieve an impact in the construction industry, we must either modify the materials
to meet performance criteria or choose less-controlled applications that do not require
high performance. Further study and development is required to improve the perfor-
mance of biocomposites. Choosing applications with low performance criteria and
changing design criteria to allow a material to be used rather than just trying to replace
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a material/component that is currently used are two approaches to developing accep-
tance. Most of the knowledge regarding durability of biocomposites is based on labo-
ratory experiments. The behaviour of the material in situ has not been used to validate
laboratory results. Thus, long-term performance of the materials is not yet understood.
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Straw bale construction

P. Walker, A. Thomson, D. Maskell
University of Bath, Bath, United Kingdom

6.1 Introduction

Straw, the stem of cereal crops such as wheat, barley and rice, has been used in con-
struction for thousands of years. Historical uses include roofing thatch, linings for in-
ternal plasters and reinforcement for traditional earthen building techniques, including
adobe and cob. In contrast, the late-19th-century origins of straw bale construction in
the USA are much more recent, following the invention of mechanical baling
machines (King, 2006). Following World War II, straw was for a time also widely
used in compressed straw panels for walls and short-span roofs.

In its simplest form, straw bale wall construction is comprised of individual bales
laid in courses, as large lightweight masonry units but generally without mortar, and
coated for both protection and additional strength by protective plasters. Though bales
were developed for agricultural uses, the traditional bale, measuring approximately
1000 x 450 x 350 mm and weighing around 20 kg, forms an ideal building unit
that can be stacked to form load-bearing walls and provide excellent thermal insulation
in external walls. Though primarily used for walling, straw bales may also be used for
roof insulation.

The features of a typical load-bearing straw bale wall are shown in Fig. 6.1. Bales
are laid horizontally to form a wall measuring around 500-mm wide once plastered.
Timber stakes, such as hazel or in some cases broom handles, are used to secure the
base of the wall to the footing and pin the bales together. Once the bales have been
stacked to storey height (around seven or eight courses high), the wall plate is placed
on top, and then the wall is compressed (prestressed), typically using external strap-
ping wrapped around the wall, such as fencing wire or packaging tape, which greatly
improves robustness of the wall. Thereafter, the internal plaster and external render
coats of between 20- and 80-mm thick when complete are applied directly onto the
straw in two or three coats. The simplicity of this form of construction is one of its
great attractions but also a source of concern for a construction industry unfamiliar
with it. Plastered straw bale walling has been likened to structural insulated panel con-
struction (King, 1996), in which two structural skins are separated by lightweight insu-
lation material (Kermani, 2006). Though bales are often trimmed before use, they
typically undergo no further treatment or processing prior to use.

The enduring interest and continued development of straw bale construction is
based on its beneficial properties in comparison to other forms of construction. First,
straw bale walls offer excellent thermal insulation; 450- to 500-mm-thick walls pro-
vide U-values of 0.13—0.19 W/m”> K (depending on bale density and thermal
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Figure 6.1 Load-bearing straw bale wall.

conductivity). The beneficial thermal properties of straw are further enhanced by its
hygroscopic properties, which are discussed further in the following text. As a
co-product of cereal production, straw is a renewable, inexpensive, and readily avail-
able resource for construction. Like other plant-based materials, cereal crops use car-
bon dioxide through the natural process of photosynthesis. Sodagar et al. (2011)
estimated that 1 kg of straw sequesters 1.35 kg of carbon dioxide. As a renewable
resource, plant-based materials are an effective means of removing and storing excess
carbon dioxide from the atmosphere. Crop-based materials, such as straw, are a
co-product of food production, so unlike crops such as Miscanthus, grown solely
for bio-fuel, they do not place pressure on or compete with food production. Though
the price of straw bales fluctuates depending on cereal production, straw bales remain
one of the most affordable building materials. Straw has many other uses, including
animal bedding, mushroom horticulture, and as low-grade biomass. However, the
quantity of straw ploughed back into the land each year in the UK is sufficient to build
at least 200,000 new straw bale houses (DEFRA, 2013). The technology of straw bale
construction is relatively simple and readily transferred, making it popular among
self-builders seeking low-carbon and affordable solutions.

The earliest surviving examples of straw bale construction are found in Nebraska,
USA (King, 2006). Settlers seeking an affordable construction solution suited to the
harsh winter climate of the Midwest, USA, adopted the technique. Following its initial
success, straw bale construction was largely ignored until the 1970—80s, when
self-builders exploring alternatives to conventional industrialised and fossil fuel—
based materials started to experiment once again with straw bale construction (King,
2006). Over the past 20 years, straw bale construction has slowly gained increasing
respectability from a sceptical construction industry. The introduction of innovations
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such as prefabricated panelised building has, without doubt, driven this wider accep-
tance. Straw bale buildings can now be found in all major inhabited continents, in
countries such as South Africa, Mongolia, Pakistan, Chile, as well as throughout
Europe, North America and Australasia. One of the oldest examples of European straw
bale construction is the Feuillette House (Lamarche, 1921), built in 1921 in Montargis,
France (Fig. 6.2).

Many straw bale buildings are low-rise, single- or two-storey construction
(Fig. 6.3). The modest structural properties of straw bales allow load-bearing wall con-
struction suited primarily to domestic use. Using an alternative structural system, often
timber framing with straw as in-fill insulation, offers greater freedom of application.
Though straw bale construction is presently a niche industry compared with many
other forms of construction, with just an estimated few thousand buildings worldwide
to date, modern innovations in straw bale construction have seen remarkable develop-
ments and wider acceptance in recent years.

This chapter aims to provide an overview of the current state of the art in under-
standing of materials and straw bale construction technologies. Stories of the three lit-
tle pigs are rarely very far from news articles, reinforcing common conceptions that
straw bales do not provide a durable or structurally resilient solution suited to modern
construction. The properties of straw, including structural and hygrothermal proper-
ties, are outlined in the following sections. This is followed by a summary of work
on characterisation, including resistance to fire and decay as well as assessment of
the acoustic properties and life cycle of straw bales. Finally, the chapter outlines cur-
rent and potential future applications of straw bales in construction.

- - g

Figure 6.2 Feuillette house, Montargis, France (built 1921).
Photo courtesy of RFCP.
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Figure 6.3 Load-bearing straw bale wall under construction.

In the following sections the terms render and plaster refer to wet-applied coatings,
typically cement-, lime- or earth-based, applied to straw bale walls. Render generally
relates to external coating, while plaster is the interior coating but may be used more
generically in reference to both coatings. North American texts also commonly refer to
‘stuccos’ when describing straw bale coatings.

6.2 Material properties

6.2.1 Plant growth

Straw bales are made up of the compacted stems of a cereal crop following harvest.
The principal cereal crops that produce straw as a co-product are wheat, barley,
oats, rye and rice. Across Europe, wheat straw is commonly used for straw bale con-
struction due to its relative abundance, while the use of rice straw is more common in
areas of the USA and in Asia. Barley and oat straw contains sufficient amounts of
nutrition to be used as a feed supplement for livestock. However, wheat has a low
nutritional value and is therefore mainly used for livestock bedding.

During the last century, cereal crops have been selectively bred to provide an increased
yield. The result has been that modern plants have also been bred to be shorter than tradi-
tional varieties to prevent crops collapsing and spoiling. However, some contemporary
hybrid varieties such as triticale (a cross between wheat and rye) are grown especially
to provide long straws for use in the traditional roof thatching industry. The modern
wheat crops that make up the straw bales used in construction are typically 500-mm
tall compared with traditional varieties, which can grow to over a metre in height.

In addition to changes in the physical properties of straw, modern agricultural prac-
tice has led to a change in the purity of straw bales (Staniforth, 1979). The widespread
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use of herbicides means that most straw bales now have minimal weed content, while
straw bales that are sourced from an organic production site will typically contain a
greater proportion of grasses and broad-leaved weeds such as docks and thistles. These
weeds are of higher nutritional value than the cereal straw and may therefore contribute
to an increased susceptibility to mould growth or pests.

6.2.2 Structure and chemistry of straw

Cereal straw is made up of two distinct parts: the nodes and the internodes. The nodes
are the point at which the plant’s leaves grow upwards, and the internodes are the hol-
low tube sections synonymous with dried cereal straw (Fig. 6.4). As a whole the straw
is made up of three main chemical compounds: cellulose, hemicellulose and lignin.
These three constituents make up around 90% of the dry mass of straw, with the
remainder formed of hot water-soluble elements and ash (Harper and Lynch, 1981).
The insoluble ash fraction contains silica, which has several advantages for the use
of straw in construction. For instance, the silica content makes combustion of straw
difficult in power generation applications as well as reducing its digestibility.

6.2.3 Hygrothermal properties

Straw is a hygroscopic material, which means that it will adsorb water vapour from the
air and absorb liquid water when exposed to a suitable source. Adsorption is the pro-
cess by which water vapour molecules are held on the surface of a material through
polar attraction. Materials that store water vapour in this way are termed hydrophilic.
In the field of wood science, the point at which a material can store no more water
vapour through adsorption is termed the fibre saturation point. At moisture content
values greater than this point, liquid water will begin to form within the pores of the
material, and this liquid moisture will be stored through capillary suction (Berry and
Roderick, 2005). King (2006) notes that this behaviour is also applicable to straw.

An understanding of the hygrothermal properties of straw is important when using
the material in a building. Moisture storage relationships between straw and the local
microclimate within a wall are used for computational modelling of moisture transfer
within building fabrics as well as for interpreting findings from field monitoring
studies.

The adsorption behaviour of straw can be described through sorption isotherms,
which are plots of the relationship between straw moisture content and ambient rela-
tive humidity. Isotherm sorption data have been reported by Lawrence et al. (2009a),
Carfrae (2011) and Hedlin (1967) and are summarised in Fig. 6.5. Isotherm relation-
ships are influenced by temperature and whether the straw is absorbing or desorbing
water vapour; hysteresis is observed upon drying. The isotherm data presented in
Fig. 6.5 are from adsorption tests that were completed between 20 and 23°C. Lawrence
et al. (2009a) presented a model that can be used to determine the equilibrium moisture
content of wheat straw for a given relative humidity. A plot of the model presented by
Lawrence et al. (2009a) is shown in Fig. 6.5. This model can be a useful tool when
reviewing relative humidity monitoring data. However, due to the dynamic nature
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Figure 6.4 Structure of wheat straw.

of moisture transfer between hydrophilic materials and their surroundings and the
asymptotic nature of the isotherm, this method is most suitable for assessing only gen-
eral trends in straw moisture content.

6.2.4 Durability

When used appropriately, straw will not degrade within a building. The oldest surviv-
ing straw bale buildings are over 100 years old (King, 2006). However, similar to the
use of untreated timber, prolonged exposure to damp or excessively humid conditions
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Figure 6.5 Isotherms for wheat straw.

can cause straw to degrade. Degradation risk may be associated with concentrated
water ingress during construction or from leaking roofs or defective cladding.

In extreme conditions, straw may be subject to either aerobic or anaerobic degrada-
tion. Anaerobic degradation will occur where there is insufficient oxygen for the
growth of microflora and is therefore associated with high levels of water and satura-
tion of the straw. This form of degradation can be alarming if it occurs in a straw bale
wall, but it is typically limited to a small area and is easily repaired once the water
source has been removed.

Aerobic degradation of straw occurs as a result of mould or microflora growth on
the straw. The extent and duration of mould growth is predominantly affected by the
moisture content of the straw, which in turn is influenced by the prevailing microcli-
matic conditions around the straw. Experimental testing by the Fraunhofer Institute of
Building Physics describes the different boundaries at which varying degrees of mould
growth will initiate on wheat straw (Sedlbauer et al., 2011). The findings of the study
were presented using a graphical isopleth system, which provides a simple guide to
climatic conditions that can support mould growth on wheat straw and is shown in
Fig. 6.6.
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Figure 6.6 Wheat straw isopleth (Sedlbauer et al., 2011).

The Fraunhofer Institute study was initially undertaken to investigate risk of surface
mould development on different building substrates, but it has been developed further
to assess the degradation risk of straw bale insulation. Within the 100-day test expo-
sure period, mould growth was not observed below 80% RH at 10°C or below 70%
RH at 25°C. Above these levels, mould growth is reported to begin and to become pro-
gressively more aggressive as relative humidity increases.

The isopleth is a useful tool for assessing the risk of mould growth on straw bales.
However, it does not provide an indication of the durability of straw over time.
Research completed by Thomson and Walker (2014) used carbon dioxide sensors to
monitor the extent of aerobic mould growth on straw stored in high-humidity condi-
tions. The study found that when straw is kept in a high-humidity environment, initial
mould growth is observed both visually and as an increase in carbon dioxide produc-
tion (Fig. 6.7). However, after approximately 6 days, this growth slows to a much
lower rate. Furthermore if the straw is dried and then re-exposed to high humidity,
the level of microflora growth remains at this low level of growth (Fig. 6.8).

6.2.5 Materials used with straw bales

Straw can be baled into a variety of standard sizes, with the most common size used in
construction being the two-string bale that measures approximately
1000 x 450 x 350 mm. The minimum uncompressed density of the bales has been
shown to be a key factor in its performance and should be approximately 100 kg/m>.
The orientation of the bale has been reported to influence both the structural and
thermal properties of the assembly (Vardy and MacDougall, 2006; FASBA 2009).
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Figure 6.7 CO, evolution with time for fresh straw exposed to a first cycle of elevated humidity
levels (Thomson and Walker, 2014).

CO, concentration (ppm)

6000

5000

4000

3000

2000

1000

—-CO,_1_78% 21°C
----CO, _2 84%_21°C
—CO,_3.91%_21°C
----- CO, 4 81%_12°C
-~ CO, 5 90% 12°C
—CO, _6_90%_12°C

T e s e © e T

= o ——

Time (days)

15
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humidity levels (Thomson and Walker, 2014).
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The wall is finished with a timber plate, which is used to precompress the bales to the
required height. Following compaction during construction, this density can increase
to around 130 kg/m’. The wall is then typically rendered in several coats of a
mineral-based render or could be dry lined with a panel product.

While straw bales can be used to provide vertical load-bearing capacity, vertical
timber members may be used instead. The presence of a timber-framed structure
can enable prefabrication off site, which leads to a panelised construction methodology
and architecture. Prefabrication allows for the benefits of straw bale construction while
removing some of the barriers to adoption while still utilising many of the standard
materials.

The surface of a straw bale wall is typically covered in wet coatings (render and
plaster) or dry lined with panel products such as oriented strand board, high-density
wood fibre sheathing board or cross-laminated timber. When dry-lined solutions are
adopted, it is necessary to use an internal finish that provides adequate fire protection
such as fire-rated gypsum or cement board. The choice of surface covering plays a
crucial role, not only in the aesthetic and textural finish of the wall but also in ensuring
a wall’s durability, fire performance, and resistance to pests and accidental damage as
well as contributing hygrothermally and structurally.

Renders and plasters are a mineral-based coating that is wet-applied, often to both
faces of the straw bale wall. Wet-applied coatings are typically applied directly to the
straw or with the inclusion of a mesh or a render carrier with a thickness varying be-
tween 20 and 80 mm. The render is a mix of a binding agent, fine aggregate and water
but could also include additives to enhance either the workability or the resulting
performance.

The render type is defined by the binding agent and typically is lime, clay or cement
based. Gypsum plasters have also been occasionally used on internal surfaces. The
amount of water used is dependent on the chemical and physical makeup of the con-
stituent dry mix, with the suitable amount of water defined by workability. Cement and
hydraulic lime binders derive primary strength from hydraulic reaction when mixed
with water, with further strength gain through carbonation. Weaker nonhydraulic
lime binders derive strength only from carbonation. While there is no chemical reac-
tion with water in earth (clay)-based coatings, water is essential for suction forces
within the material that provides the binding forces.

The properties of the different renders can vary, with each requiring unique consid-
erations. In Europe, lime- and earth-based coatings are most commonly used, while in
North America cement (often combined with nonhydraulic lime) coatings are more
common. While cement render is typically stronger and more resistant to erosion, it
can also be more brittle, and so all except the leanest mixes are generally considered
incompatible with the flexible straw substrate beneath. Both lime and earth are more
flexible than cement and therefore are less likely to crack on the straw substrate.
Due to the carbonation process of lime, if hairline cracks do occur, then lime exposed
to the atmosphere can carbonate, effectively healing itself. As earth does not undergo
any chemical change, the surface can be wetted and reworked to remove cracking. As
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the properties of the straw, specifically degradation, are sensitive to temperature and
humidity, a breathable (water vapour—permeable) wall construction that allows for
vapour diffusion is required. Both lime and clay have generally higher water vapour
permeability than cement-based renders. Cement-based coatings are generally consid-
ered less vapour permeable, so they restrict the movement of moisture, which can trap
moisture and lead to internal degradation of the straw; therefore their use is often not
advised. Many hydraulic lime-based plasters are indeed blends of white cement and
nonhydraulic lime.

In addition to providing a barrier to moisture for the straw bale wall, the render
coating is the stiffest element in the straw bale assembly and as such attracts and trans-
fers a significant proportion of the applied load. The thin skins of render are restrained
from buckling through the bonding action with the straw bale, resulting in a composite
stressed skin structure. The thickness of the render has been shown to be the greatest
contributor to the strength of the unframed wall systems, with the render compressive
strength having a smaller effect (Vardy, 2009).

6.3 Characterisation of straw bale construction
materials

6.3.1 Physical and mechanical properties

Much of the original research into straw bale construction focused on the physical and
mechanical properties intended for structural applications. While there has been a lack
of standardisation with respect to both testing methodologies and design of the wall,
there is consensus on structural properties.

Unplastered straw bale walls exhibit orthotropic (King, 2006) visco-inelastic
behaviour (Walker, 2004) with single bales having a highly variable elastic modulus
ranging between 0.05 and 0.9 N/mm? (Bou-Ali, 1993; Watts et al., 1995; Vardy,
2009). Typical within straw bale construction is the addition of internal pins and appli-
cation of precompression. Both of these additions help increase ultimate compression
capacity and stiffness of the bales.

An applied render provides the most significant contribution to the strength and
stiffness of the straw bale wall assembly. The render skins act as stiff elements attract-
ing the applied load. Although these render skins themselves are very slender and sus-
ceptible to buckling, when there is good adhesion between the render and the straw,
then the render is effectively restrained and buckling prevented (King, 2006; Vardy
and MacDougall, 2012).

Experimental studies have shown that a rendered straw bale system is capable of sus-
taining a substantial load of up to 90 kN/m (Grandsaert, 1999; Vardy and MacDougall,
2006). These higher strengths, however, used a 38-mm-thick, weak cement-based
render, with a compressive strength 1.72 N/mm?> A straw bale wall with a 40-mm
average thickness lime render (composed of two lime coats of compressive strengths
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of 3.2 and 2.6 N/mm?) achieved an ultimate strength of 42 kN/m (Walker, 2004). The
strength and stiffness of earth rendered walls were about 30% for a comparable thick-
ness of lime (Brojan and Clouston, 2014).

Although a render is always recommended for load-bearing straw bale construction,
there are potential problems with this design approach. Reliance on a brittle finish for
structural resistance may not be acceptable to some approval authorities. Alternatively,
a timber frame is often used with both on-site and prefabricated straw bale construc-
tion. While the timber frame can be designed to resist the vertical loading, the rendered
straw bale still contributes to the overall structural system through improvement of the
in-plane horizontal loading of the system.

6.3.2 Fire resistance

The various compounds that make up straw decompose at different temperatures. The
initial decomposition of the lignin begins at 160°C, with the hemicellulose decompo-
sition beginning at 180°C, followed by the cellulose proportion of the straw decom-
posing at approximately 260°C (Koztowski and Wtadyka-Przybylak, 2008).

On building sites, there are common concerns regarding the fire resistance of straw
bale buildings due to the risk associated with loose straw during construction. While
loose straw can be a concern during construction, the risk of fire can be easily managed
through safe site practice. Additionally, straw that is densely baled and used within a
wall construction is a much lower risk on site as there is insufficient oxygen within the
bale to support rapid combustion.

The application of render or dry-lining panels to a straw bale wall assembly pro-
vides a fire performance at least equal to that of many conventional construction
methods. Additionally, testing has shown that even after a render coat has completely
collapsed, the exposed straw bale wall retains its integrity. Straw exposed for 45 min to
furnace temperatures of 1000°C did not ignite and was observed only to char (Wall
et al., 2012) (Fig. 6.9). In a similar manner as timber, the charring of the outer layer
of straw is thought to inhibit the rate of further straw decomposition as the fire pro-
gresses. The flameless combustion is due to the lack of available oxygen, and the
rate of the smouldering reaction is dependent on the rate of oxygen transferred through
the straw bale (Apte et al., 2008).

Render, or an alternative surface finish, is always recommended to provide initial
thermal resistance and reduced spread of flame. Experimental results have shown
that the temperature behind an approximately 45-mm-thick render is approximately
half of that compared to the surface (Apte et al., 2008). The render skin can last up
to 90 min before collapsing and exposing the straw beneath (Wall et al., 2012). This
performance surpasses the 30-min minimum period of fire resistance required for
many low-rise domestic applications in the UK. There are often further criteria for
approved fire resistance, including the prevention of sustained flame and maximum
temperature rises on the unexposed faces, which straw bale panels have been shown
to meet.
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Figure 6.9 Straw bale panel after fire test.

6.3.3 Hygrothermal properties and risk of decay

Straw bale walls are constructed with vapour-permeable materials, which allow water
vapour to passively diffuse through them. Examples include lime-based renders, clay
plasters and high-density wood fibre boards. The use of vapour-permeable coatings
and finishes with straw bale insulation helps to mitigate the risk of degradation asso-
ciated with accumulation of moisture within the straw.

Building fabrics are subjected to a constantly changing set of climatic conditions
both internally and externally. This in turn influences the temperature, moisture con-
tent and moisture distribution through the thickness of a wall and between its constit-
uent parts. The use of vapour-permeable construction accommodates dynamic
hygrothermal conditions within a construction build-up. In a climate with large
diurnal and annual variation in temperature and humidity, the distribution and level
of moisture within a wall will be in a state of flux much of the time. Equally, in a
predominantly warm and humid environment, the bulk moisture content of a
vapour-permeable wall will likely be greater than that in a dry, arid region. The result
is that consideration must be given to the hygrothermal performance of a straw bale
building fabric in the context of the environment in which it is situated, including the
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likely heating and/or air conditioning demands of the enclosed space. There is, of
course, scope for significant temperature, and relative humidity, gradients across
the full thickness of a straw bale wall. Internal temperatures of 20—25°C could
very easily be contrasted with external temperatures below zero. This has given
rise to concerns about condensation forming at the external face within the straw,
prompting concerns for durability. Evidence from practice suggests this is not a sig-
nificant problem; however, further research is needed to better understand this com-
plex behaviour.

There are several options available to designers of straw bale walls when consid-
ering the hygrothermal performance of a wall. The first is to seek local precedence. In
sites exposed to wind-driven rain, it is typically recommended that a rain-screen clad-
ding be used on the exposed face of the straw bale wall to prevent direct wetting of
the wall finish (Wihan, 2007). If there are no straw bale buildings local to a proposed
site, then a simulation of the wall’s hygrothermal performance can be completed.
This assessment will give an indication of whether there is a risk of moisture
build-up within the straw bale insulation based on the local climate and building
use. There are two main methods available. The first approach is to use a
steady-state model of vapour flow through the wall following the method set out
in ISO 13788:2012. However, this method does not make allowances for rainfall,
which can be very significant if a rain-screen cladding is not used. The second
approach is to use dynamic modelling software as described in EN 15026:2007,
which can include the effects of heat and moisture storage, moisture penetration
due to driving rain exposure and liquid transport under realistic initial and boundary
conditions.

An increasing precedence of straw bale construction around the world has shown
straw bale walls to be a durable form of construction in a wide range of climates.
Monitoring studies of the hygrothermal conditions within straw bale walls have pro-
vided insight into the levels of moisture that straw within a wall may experience, and
experimental data and site investigations have shown straw insulation to retain its
integrity over time (Thomson and Walker, 2013). Fig. 6.10 shows a photograph
from an opening-up survey completed at a straw bale exposure test facility located
in Cornwall, UK. The wall panel shown was finished using a 30- to 40-mm-thick
formulated lime render on the internal and external faces. The unheated test facility
faced towards the prevailing southwesterly weather direction. The opening-up sur-
vey was completed 3 years after construction of the facility was built. It can be
seen from inspection of Fig. 6.10 that the straw was found to be in a satisfactory
condition.

The wall panel shown in Fig. 6.10 was deliberately positioned in an exposed loca-
tion to maximise the risk of degradation. Indeed, hygrothermal monitoring of the panel
showed that during some months the moisture content of the straw exceeded levels at
which mould growth would be expected to occur. However, in line with the observa-
tions presented in Figs 6.7 and 6.8, the subsequent inspection has shown that any
mould growth that may have occurred did not adversely affected the integrity of the
straw bale insulation.
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Y
Figure 6.10 External render core removed from straw bale wall panel.

6.3.4 Acoustic properties

Acoustic properties are generally concerned with the transmittance of sound through
the wall and with room acoustics considering the reverberation time and level. Sound
reduction is not uniform across the whole sound spectrum. Most materials are better at
reducing high-frequency noise. Since straw bale walls are a form of composite con-
struction with a stiff surface finish and more flexible internal bales, good acoustic prop-
erties are achieved.

The weighted reduction parameter Ry, is a common way to classify sound insula-
tion. It takes account of typical spectra of disturbing noises and our sensitivity to
different frequencies. Several studies have indicated that straw bale walls can achieve
a sound reduction of 43—55 dB (Goodhew et al., 2010). Wall et al. (2012) compared to
sound reduction of prefabricated panels in laboratory and in situ conditions in accor-
dance with ISO 140-3 (1995) and ISO 140-5 (1998) series of acoustic testing. The
panel tested in laboratory conditions achieved a sound reduction of 48 dB compared
to 44 dB in the field. The values of sound reduction provided by straw bale walls
equate to reducing loud speech to faint, nondistinguishable sound.

6.3.5 Life-cycle assessment of straw bale construction

Life cycle analysis (LCA) is the only method of considering the environmental impact
that has been standardised through ISO 14040:2006 and ISO 14044:2006 and consists
of four components: goal and scope definition, inventory analysis, impact assessment
and interpretation. LCA is an iterative and bespoke technique. Therefore, any LCA
must be considered in the context of the building, requiring project-specific inventory
analysis and assumptions made typically useful.
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Straw used for construction is typically a co-product from the agricultural industry
and as such the allocation of its impact should be considered and transparent; an eco-
nomic weighting is commonly used when attributing environmental impacts. Approx-
imately 60% of the grains are used as straw, which is equivalent to 40% of the biomass;
whereas the economic value of straw is approximately 15% of the grain (Stoddart and
Watts, 2012). However, sensitivity analysis has indicated that choice of allocation of
straw has limited impact on the LCA outcomes (Seguret, 2009).

The main advantages of straw bale construction of low embodied impact and low heat-
ing consumption have been confirmed by LCA. Due to photosynthesis during growth, the
straw absorbs approximately 1.35 kg (Sodagar et al., 2011) of carbon dioxide for every
kilogram of straw. This allows straw bale construction to be considered carbon-negative
as a material and allows the potential to offset the carbon footprint of the building as a
whole. However, the extent of carbon off-setting is dependent upon other potential im-
pacts, including those associated with harvesting and transportation. A complete inven-
tory analysis of straw indicates that it has a relatively high eutrophication potential,
which can be attributed largely to the fertilisers and pesticides used during the
growth (Seguret, 2009). Carbon stored within the straw will eventually be released
back into atmosphere when it decomposes or is burnt after use as insulation. The
key to carbon storage through use of straw, and other plant-based building mate-
rials, is to design and build robust, durable, well-performing and beautiful buildings
that we will want to retain for many years before their demolition.

The operational (in-use) phase of a building contributes the most to its overall
life-cycle impacts, predominantly due to heating requirements. This gives straw bale
construction its main advantage: reduced heating requirements due to the high levels
of thermal insulation.

Various end of life scenarios are usually considered during LCA. These include
recycling, disposal by incineration and disposal by landfill. As expected, incineration
of straw bales has a high global warming potential, while disposal to landfill has a high
eutrophication potential. Recycling scenarios need to consider the allocation of impact
from one project to the other. As straw bale construction is a composite form of con-
struction, often using renders and a timber frame, these materials also need to be
considered in any LCA. In addition to the superstructure, the choice of ground works
and installed building services will have a large impact on the embodied and opera-
tional phases, respectively. The use of lightweight materials, such as straw bales,
has potential further impact benefits through reduced material usage with smaller foun-
dations, though this will be project specific.

Straw bale construction can have significantly lower environmental impact across
the spectrum of categories considered by LCA when compared to conventional build-
ings. Compared to a conventional building, a straw bale building can have a reduction
of 40—60% in global warming potential (Seguret, 2009).

6.4 Applications

In this section the uses of straw bales in construction are described, including a sum-
mary of key aspects of their use as an insulation material and practical detailing. Straw
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is unique as a natural insulation material in that it is used to form both load-bearing and
non-load-bearing walls; both techniques are outlined below. Recent innovations in
straw bale building, including the development of prefabricated panelised systems,
are also described.

6.4.1 Straw bales as insulation

Straw bales provide excellent levels of thermal insulation by virtue of their relatively
low thermal conductivity and wall thickness. In addition, straw, in common with other
moisture responsive hygrothermal materials, such as hemp-lime, has further beneficial
and complex dynamic thermal qualities. An accurate model of straw bale insulation
requires a dynamic hygrothermal model.

The thermal conductivity of straw is relatively insensitive to bale density
(Fig. 6.11). Shea et al. (2013) used a least squares regression analysis to determine
apparent straw bale thermal conductivity of 0.064 W/m K at a density of 120 kg/m".

The German national organisation of straw bale building (FASBA) has published
two different values for thermal conductivity of straw bales based on apparent orien-
tation of the straw (FASBA, 2009). When the individual straws are oriented parallel to
the direction of heat flow, the thermal conductivity is taken as 0.067 W/m K, whereas
when the straw is aligned perpendicular to the direction of heat flow, the measured
apparent thermal conductivity reduces to 0.043 W/m K. These values were derived
from tests on small specimens under steady-state conditions in which all the individual
straws where oriented in one direction. These findings are based on the misconception
that straw in a typical bale is similarly oriented in one direction or another. In fact, it is
much more randomly distributed.
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Figure 6.11 Variation of straw bale thermal conductivity with density (Shea et al., 2013).



144 Nonconventional and Vernacular Construction Materials

The thermal conductivity of straw is also dependent on its moisture content, with
conductivity increasing as moisture levels rise (Shea et al., 2013). Values are generally
quoted for ‘dry’ material; whereas in practice, bales will be subject to varying relative
humidity as weather conditions change. In tests by the Centre d’Expertise du Batiment
et des Travaux Publics (CEBTP, 2004), when the straw relative humidity was
increased from O to 90%, the thermal conductivity increased from 0.064 to
0.072 W/m K.

Straw bales are most commonly used for wall insulation; however, they can also be
used for roof and under-floor insulation. The same properties as for wall insulation
apply, although the same measures are required to protect straw in both applications.

6.4.2 Design of straw bale buildings

When designing the layout of straw bale buildings, it is beneficial to recognise that the
bales are a modular unit, albeit of varying size. This will minimise cutting during con-
struction, waste and reduce construction time. Bales are an agricultural co-product, not
a standardised construction product, and consequently do vary in size. Bales from one
batch using one baling machine should have consistent height and width but may vary
in length by up to 100 mm. It is important to recognise straw bales are not supplied to
the same tolerances required of many other construction products. Where bales are
short, the gaps can be filled by hand with loose straw. Oversized bales can be cut
with a hedge trimmer or chain saw, although cutting the twine will cause the bale to
fall apart. Arguably more important than size is ensuring compliance with minimum
density (100—110 kg/m?) and permitted moisture content (not more than 20% by
mass) in supply. Bales can be sourced from local farmers, although larger users will
tend to go to straw bale merchants.

Details for straw bale buildings should protect them from build-up of excessive
moisture content that could potentially lead to decay. Base and roof details should
protect the straw from the ingress of moisture, mostly in the form of wind-driven
rain. External wall faces rely on rendered or dry-lined cladding systems. Renders
should be vapour permeable and dry-cladding systems vented and breathable
to prevent build-up of moisture. In field trials, a vented timber rain-screen pro-
vided the most effective protection (Lawrence et al., 2009b). Like other natural
materials, such as cob, suggested roof details for straw bale buildings generally
specify large eave overhangs to provide further protection (King, 2006). However,
more modern details have also been shown to provide effective protection
(Fig. 6.12).

Window and door openings need to be detailed to accommodate straw as the insu-
lation. When straw is load-bearing, this includes accommodating potentially large set-
tlement movements. Increasingly designers are specifying full-height openings with
straw to simplify the details. External details, such as sills around windows, should
shed water away from the wall.

The relatively large thickness of straw bale walls has often been a barrier to adop-
tion, with clients and developers keen to maximise usable floor area on a given site.
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Figure 6.12 BaleHaus at the University of Bath.

However, as insulation specifications for modern buildings have increased, driven by
legislative requirements, the thickness of straw bale walls is no longer at such odds
with many competing solutions.

Plastered straw bale walls will accept mechanical attachments to support domestic
features such as picture frames and bookcases, though larger items should normally be
supported independently.

The fire resistance of rendered straw walls is normally in excess of 60 min. For
dry-lined systems, the fire-resistant properties of the lining materials, including gyp-
sum plasterboard, will typically govern resistance.

Electrical services can be readily incorporated into straw bale walls, concealing
conduit, switches and other electrical items. However, due to the potential for
leaks and condensation, plumbing is best detailed away from walls or surface
mounted.

Infestation by rodents is often cited as a concern of straw bale buildings. Ro-
dents might be attracted by a potential source of food and warm bedding. Straw
should provide minimal food but like other forms of construction will provide
warm and dry shelter. Robust detailing, including metal mesh and screening,
together with regular maintenance should provide sufficient protection. Incidence
of book lice (psocids) outbreaks have been noted in some plastered projects, as
the book lice are attracted by fungal growth when the plaster dampens the
straw. Experience suggests outbreaks of book lice are short-lived and easily dealt
with.
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6.4.3 In situ straw bale construction

Straw bale construction developed as an in situ method of building; like conventional
forms of construction such as masonry, the walls are erected on site in their final loca-
tion. While this is an efficient form of construction, minimising handling of materials,
it poses challenges for wider acceptance of straw bale construction. The most signif-
icant of these is the need to keep the bales protected from wet weather while stored on
site and during the construction process. In climates where there is a reliable dry sea-
son, this can be relatively straightforward if construction can be programmed to fit in
with the weather, but in climates where the weather is more variable, consideration for
keeping bales dry must be made; these are discussed below. Other specific consider-
ations when using straw bales on site include minimising fire risk of loose cut straw;
storage of a bulky material; and handling an agricultural co-product of variable size,
shape and quality.

There are two main methods of in situ straw bale construction: load-bearing and
non-load-bearing (or in-fill) construction.

6.4.3.1 Load-bearing straw bale construction

Straw bale construction developed as a load-bearing form of construction, and this
still represents the most efficient use of the material in low-rise buildings. As previ-
ously described, the bales are laid in ‘running bond’ courses as large masonry units
(Fig. 6.13). The vertical (perpend) joints are broken by using cut bales, which can be
readily created on site using twine and a bale needle. During construction the straw
bale walls are quite flexible and potentially unstable, possibly requiring propping,
until the wall plate is in place and the vertical precompression is applied. The irreg-
ular and slightly rounded nature of straw bales can further contribute to the temporary
instability of walls during construction. However, propping and realignment is
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Figure 6.13 Running bond coursing of stra
running bond and precompression cables.
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relatively easy as the wall is very lightweight and flexible. Precompression is usually
applied to the wall by tightening fencing wire or packaging tape wrapped around the
base plate and upper wall plate. The amount of precompression needed depends
largely on the initial density of the straw bales used, but a single-storey-height
wall (2.4—2.8 m) will generally be compressed by at least 20 mm and sometimes
by up to 80 mm. This movement needs to be incorporated in the design of any open-
ings and other features. Once the bale walls have been compacted, they can be
rendered; however, some guidance suggests leaving the walls to settle for 6—8 weeks
before rendering to minimise risk of further movement and possible cracking of the
coating (Jones, 2009).

Load-bearing straw bale walls are generally rendered, as the render forms an
integral structural skin for the walls (Fig. 6.14). In North America, it is common to
reinforce the render coats with a metallic or polymer mesh to minimise cracking,
although this is a less common practice in the UK. Unrendered straw bale walls can
be load-bearing, though their capacity is significantly reduced by the lack of render
coatings. The design service loading of a single-storey (less than 3-m-high), fully
rendered, 450-mm-thick straw bale wall is approximately 8—10 kN/m (King, 2006).
Vertical loads should be applied uniformly, avoiding large concentrations of load to
reduce risk of excessive localised settlement. Vardy and MacDougall (2006) proposed
a method for designing strength of cement rendered walls based on compressive

@), ©)

Figure 6.14 Rendering of straw bale wall. (a) Manual finishing off of lime render. (b) Lime
render sprayed directly onto surface of the straw bales.
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strength of the render skins. Where the render skins are effectively restrained by the
straw, there seems to be little risk of the slender render coatings buckling under the
vertical load, though the longer term effectiveness of this straw restraint is unclear
with weathering cycles. The slenderness (height to thickness) ratio of load-bearing
straw bale walls is generally around 5—7, low compared with many other forms of
walling. The global buckling of rendered straw bale walls is presently unknown;
consequently there are no guidelines for the effects of wall slenderness ratio on vertical
compression resistance.

The flexible tensile and in-plane shear (racking) resistance of straw bale walls re-
lies on the render. The out-of-plane flexural strength of straw bale walls can be esti-
mated based on a structural double skin and modulus of rupture of the render. For
general low-rise load-bearing walls, however, flexural resistance is unlikely to be a
major design concern. Knowledge of the racking resistance of load-bearing straw
bale walls is also not well developed, although there have been tests reported on pre-
fabricated timber panels (discussed later). Nonetheless, shake table testing of a sim-
ple building has shown resilience of straw bale building to seismic loading (http://
www.paksbab.org).

Load-bearing straw bale construction relies on using the insulated walls to support
the roof structure. Consequently, alternative approaches are needed during construc-
tion to protect the bales from wet weather. For modest-sized projects the most common
solution is to use temporary tarpaulin sheet covers to protect the construction. For
larger scale projects an independent temporary shelter may be used (Fig. 6.15);

Figure 6.15 Temporary shelter for straw bale construction.
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however this can add significant additional expense. Jones (2009) and others have
developed an innovative solution to this problem by using temporary supports for
the permanent roof structure, and then lowering the roof as one onto the walls when
ready. The roof structure also provides uniform compression of the bale walls before
rendering.

6.4.3.2 Non-load-bearing applications

Non-load-bearing or in-fill straw bale construction seeks to use the material’s
excellent thermal insulation qualities while relying on an alternative structural sys-
tem, typically timber framing. The framing system should be modular to account
for the size of the bales used to minimise the need for cutting. There are a number
of advantages of this approach. First, it minimises the risk, as the structural resil-
ience of the building is not reliant on the straw. To date, mortgage and insurance
companies have been more likely to finance this form of construction. In-fill also
enables construction of the protective frame and roof before insertion of the straw
on site, minimising the risk of weather damage to the bales during construction
(Fig. 6.16). The use of an independent structural frame also provides potentially
greater flexibility in architecture and engineering design. While load-bearing straw
bales rely on the heavy lime- or cement-based renders to provide structural capac-
ity, non-load-bearing straw bales can receive a much wider variety of dry-cladding
systems.

Figure 6.16 Non-load-bearing straw bale building under construction.
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6.4.4 Prefabricated panel construction

To overcome the limitations of in situ straw bale construction, a variety of panelised
construction systems have developed independently around the world over the past
10—15 years. Though solutions vary, including fully off-site techniques and on-site
tilt-up construction approaches, they all seek to maximise the benefits of prefabricated
construction and open up the wider construction industry to straw bale construction.
Panels are typically timber frames with straw bale insulation inserted off site
(Fig. 6.17). Some panels are comprised of external frames only, while others use in-
ternal studwork as well. Most panels are finished with a dry-cladding system; some
approaches have also used hydraulic lime renders.

Panelised construction provides a system that is more acceptable to a wider range
of stakeholders and that now has potential to be certified as a construction product.
The benefits of prefabricated straw bale construction include reduced risk of
programme delays due to inclement weather; improved quality control; faster on-site
construction programme; and removal of straw bales from the construction site. These
benefits can sometimes be offset, however, by increased costs of construction
compared to traditional on-site load-bearing construction.

Panels may be simply cladding attached to a structural frame, as shown in
Fig. 6.18, but they may also form the entire structural system (Fig. 6.19). In panel
systems the primary structural resistance is generally derived from the timber frames.
Non-load-bearing panels need sufficient structural resilience for lifting and handling

Figure 6.17 Fabrication of prefabricated straw bale panels.
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2 X %

Figure 6.19 Load-bearing straw bale panels at the LILAC project, Leeds, UK, 2013.
Courtesy of ModCell.
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during construction and to resist wind pressures without panel failure. Load-bearing
panels use the timber frame to carry vertical load as well as resist lateral loading
(wind, seismic). Vertical loading resistance is normally derived from the timber
elements only; however under racking, interaction between the frame, straw and
render is evident.

There have been significant developments in prefabricated straw bale construction
in recent years. Recently in France, the eight-storey, straw bale panel—clad Résidence
Jules Ferry building in St-Dié-des-Vosges has been completed.

6.5 Future of straw bale construction

For many years, straw bale construction was largely dismissed by the mainstream con-
struction industry, fed by concerns and some misconceptions about durability, fire risk,
infestations and inability to fit into modern procurement processes. However, advances
in scientific understanding of straw bale construction combined with technological
advances, especially prefabricated panel construction, have seen significant develop-
ments over the past 10 years. Panel development has recently enabled the certification
of straw bale products in the UK. Certified products will enable further market devel-
opment as it will support wider acceptance and enable financial support and warranty
of projects, particularly important for growth in a domestic housing market. Wider
certification of straw bale products will, however, require a supply chain of
construction-certified straw bales, which are currently only available from very limited
sources.

Unlike many other construction materials and products, which are supported by
great many national and international standards and design codes, no such framework
currently exists for straw bale construction. This will require lobbying and coordinated
action by straw bale industry stakeholders to move forward with the appropriate
authorities worldwide.

Continued research and development of straw bale construction will lead to
improved understanding of complex performance aspects such as dynamic hygrother-
mal performance and durability. Performance monitoring of a growing number of
straw bale buildings is supporting this knowledge development.

Growth in straw bale construction may well now also support growth in other
straw-related construction products. Compressed straw board is one such product
which may now be ready for significant market expansion. Despite previous success
in the 1950—80s, the use of compressed straw board in the UK has almost ceased,
with only imported products being available. Other straw-based composite building
products, using compatible binders and resins, can also be expected.

As a renewable resource and co-product of an essential agricultural process, with
excellent building performance qualities, straw is uniquely well placed as a modern
construction material and product to deliver sustainable buildings for the 21st century
and beyond. Straw bale construction offers a solution that combines both low
embodied energy and carbon with low operational energy and carbon impact.
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The available supply of straw should support significant market development, such
that all future housing in the UK, for example, could, in principle at least, be built using
sustainable straw bale technologies.
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7.1 Introduction

Mortar and concrete are among the most durable and widely used building materials
due to their low cost, general availability, and wide applicability. Advancement in con-
crete technology in recent years is generally focused on the strength and durability of
structures resulting from the improved design of mortar and concrete. However, this
advancement carries with it environmental considerations, and it is necessary to
move toward consideration of the sustainability of mortar and concrete construction.
In addition to the sheer volume of materials required to produce billions of tons con-
crete worldwide, energy and water consumption and the generation of construction and
demolition waste is not compatible with the demands of sustainable construction.
Worldwide, the cement industry alone is estimated to generate about 7% of all CO,
and other greenhouse gases (GHGs). It is estimated that production of one ton of
cement releases about one ton of CO, and other GHGs into the atmosphere (Kunal
et al., 2012). Use of natural sand as fine aggregate also creates environmental burdens
in terms of mining and quarrying of river beds (Subramanian and Kannan, 2013). This
indicates that the construction industry has become a victim of its own success and
ubiquity, and therefore, it is now facing tremendous challenges for sustainable devel-
opment of building and construction materials.

Solid waste management has also become a principle environment concern with
ever-increasing quantities of industrial by-products and waste materials generated glob-
ally. Due to the scarcity of landfill space and its ever-increasing cost, recycling of
by-products and waste has become an attractive alternative to disposal. Several types
of by-products and waste material are considered for use in cement-based materials,
and each of these have specific effects on the properties of the materials. The utilization
of by-products and waste material in concrete is not only economical, but it also helps
in reducing disposal problems by removing the products from the waste stream altogether.
Inrecent developments, the increasing use of nonconventional cementitious materials and
industrial by-products, also known as supplementary cementitious materials, such as
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cement kiln dust, fly ash, silica fume, waste foundry sand, coal bottom ash, etc., and
natural ashes such as palm oil fuel, rice husk ash, etc., have been made. Each impacts
the mechanical properties and durability of the resulting mortar and concrete. This chapter
provides a review of the current state of the art and of practice for the use of nonconven-
tional cementitious materials and industrial by-products in mortar and concrete.

7.2 Cement kiln dust

In the process of continuous feeding of raw materials and rapid flow of combustion
gases typical of the production of Portland cement, large quantities of particulate ma-
terial trapped in the gases are removed from the kiln by air pollution control devices.
Cement kiln dust (CKD) is a fine powdery, micron-sized by-pass dust collected in the
control devices such as cyclones, bag houses, or electrostatic precipitators during
the production of cement clinker. CKD is similar in appearance to Portland cement.
The development of the cement manufacturing process is characterized by wet- or
dry-process routes. When the raw materials are wet or exhibit large fluctuations in
chemical composition of the individual raw mix components, wet kilns are used for
easier handling and homogenization of raw materials. This process accepts feed mate-
rial in the form of slurry containing 30—40% water. The CKD removed from a wet kiln
is termed waste dust. In dry-process kilns, raw materials are in a dry-grounded form, ie,
without the addition of water to prepare slurry. The dust collected from dry-process
kilns has less embodied energy than the wet process kilns due to the lower fuel con-
sumption of the dry kiln process. In either process, the dust removed from the clinker
cooler end of the kiln, termed by-pass dust, may contain heavy metals, alkalis, and
chlorides that may adversely affect its subsequent use.

In 2013, over 4 billion tons of cement was manufactured globally (Oss, 2014). India is
the second largest cement producer in the world after China (2300 million tons) with the
total capacity of 280 million tons. According to the US Environmental Protection Agency
(EPA, 1993), the generation of CKD is estimated to be 15—20% of clinker or cement pro-
duction, which puts worldwide CKD generation at an estimated 700 million tons and
Indian production at 42 to 56 million tons in 2013. The most common uses of CKD are
soil stabilization, cement replacement, waste treatment, and asphalt pavement.

The chemical composition of CKD is quite varied due to variation in raw feed mate-
rials, fuels, and kiln type at each plant (Hawkins et al., 2004). The concentration of alkalis
(NayO and K,0) and free lime sulfates in CKD mainly depend upon the particle size.
Coarser particles contain high free lime content, while fine particles exhibit higher con-
centrations of sulfates and alkalis and a lower free lime content, as shown in Table 7.1
(Corish and Coleman, 1995). The alkalis and loss on ignition (LOI) in CKD are higher
than in ordinary Portland cement (OPC), while the calcium oxide (CaO) content is lower
than that of OPC. The high LOI indicates that less free lime is available for hydration.
Analysis of cement kiln dust with X-ray diffraction studies revealed that limestone
(CaCO03) is the major component of CKD; whereas, quartz (SiO4) together with small
quantities of gypsum (CaSQy), sodium chloride (NaCl), arcanite (K;SOy4), spurite
[2(C,S)- CaCOs3], and sulfospurite [2(C,S)- CaSOy4] are typically present.
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Table 7.1 Effect of particle size on alkali content of CKD (Corish and
Coleman, 1995)

Particle size (microns) Mass (%) Na,O (%) K50 (%)
46—68 0.3 0.3 3.6
34—46 0.4 0.3 3.5
24-34 0.7 0.4 4.5
1724 1.8 0.4 5.1
12—17 5.1 0.4 5.2
6—12 273 0.3 5.4
0—6 64.4 0.4 10.7
Table 7.2 Typical physical properties of CKD
Collins and Maslehuddin | Peethamparan | Marku
Property Emery (1983) et al. (2008) (2006) et al. (2012)
Gradation 0.030 mm = = =
(75% passing) (no. 450 sieve)
Maximum 0.300 mm = = =
particle size (no. 50 sieve)
Specific surface 4600—14,000 = = =
area (cmz/g)
Specific gravity 2.6—2.8 24 242 2.96

7.2.1 Physical properties

CKD is a fine, powdery material, gray to tan in color, of relatively uniform size, having
specific gravity ranging from 2.40 to 2.96, less than that of Portland cement (specific
gravity =3.15) as reported in several published literature (Table 7.2). Particle size dis-
tribution is an important physical characteristic of CKD and depends on the processing
technology, method of dust collection, chemical composition, and alkali content of
CKD (Corish and Coleman, 1995).

7.2.2 Chemical properties

CKD is derived from the same raw materials as ordinary Portland clinker, but still a
significant variation in physical and chemical composition of CKDs obtained from
different cement plants has been observed. Compounds of lime, iron, silica, and
alumina constitute the major chemical composition of CKD. Generally, CKDs are
characterized by higher alkali and sulfur content. The pH of CKD—water mixtures
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Table 7.3 Typical chemical composition of CKD

Cement kiln dust (CKD)

Udoeyo | Al- El-

and Harthy | Aleem
Composition | Hyee et al. et al. Sreekrishnavilasam | Maslehuddin
(%) (2002) (2003) (2005) | et al. (2006) et al. (2008)
CaO 52.72 63.80 42.99 43.99 49.3
SiO, 2.16 15.80 13.37 15.05 17.1
ALO3 1.09 3.60 3.36 6.75 4.24
MgO 0.68 1.90 1.90 1.64 1.14
Na,O = 0.30 3.32 0.69 3.84
K,O 0.11 3.00 3.32 4.00 2.18
Fe,03 0.54 2.80 2.29 2.23 2.89
SO; 0.05 1.70 5.10 6.02 3.56
LOI 42.39 = 15.96 21.57 15.8

is generally more than 12 and is considered to be caustic. Certain trace metals such as
cadmium, lead, selenium, and radionuclides are generally found in concentrations less
than 0.05% by weight in CKD. Table 7.3 lists some typical chemical properties of
CKD reported by several researchers.

7.2.3 Effect of CKD on the properties of mortar and concrete

CKD’s cement-like properties make it a potential replacement for Portland cement,
although its inclusion affects the properties of the resulting mortar and concrete.
Several studies have been reported on aspects of CKD utilization in cement paste,
mortar, and concrete (eg, Marku et al., 2012; Pavia and Regan, 2010; Maslehuddin
et al., 2009; Al-Jabri et al., 2006).

7.2.3.1 Setting time

The density of CKD is lower than that of Portland cement (PC) meaning that more
CKD particles are required to replace cement, affecting properties of cement—CKD
blends. Initial setting time of PC is important and desirable for concrete to harden
and develop strength (Marku et al., 2012). Generally, with increase in water demand,
setting time increases. However, it was observed that replacement of up to 10% PC
with CKD increased water demand and decreased setting time (Kunal et al.,
2014a,b; Maslehuddin et al., 2008; El-Aleem et al., 2005; Ramakrishnan, 1986).
El-Aleem et al. (2005) concluded that decrease of both initial and final setting times
was almost linear as a function of CKD replacement. The initial and final set time
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in control OPC was approximately 135 and 230 min, respectively, which decreased to
65 and 110 min with 10% CKD replacement. The decrease in setting time was due to
the presence of high amounts of free lime and alkalis in CKD which resulted in accel-
erated hydration and faster setting time.

Bhatty (1984, 1986) published a series of reports on the addition of CKD, and they
reported that CKD—cement blends reduced strength, setting time, and workability due
to the presence of high alkali content. This was improved by the addition of fly ash
with CKD, which lowered the alkali content. Bhatty (1984) stated that if CKD is char-
acterized by high sulfate, high free lime, and low chloride (0.26%) contents, then 20%
CKD addition would have shorter initial setting time. On the contrary, Daous (2004)
reported that addition of CKD as partial replacement of cement increased setting time
of the cement blend. Udoeyo and Hyee (2002) found that the values were, nonetheless,
within the relevant BS and ASTM standards.

CKD also affects the rheological properties of slag—cement composites. Heikal et al.
(2002) reported that addition of 2.5% CKD by mass to cement mixes containing 30% and
50% granulated slag reduced the initial and final setting time; whereas in 70% granulated
slag—30% cement mix, setting time was increased. Konsta-Gdoutos and Shah (2003)
observed shorter setting time for blends having high sulfate content (17%) in CKD.

7.2.3.2 Hydration properties

The high alkali and sulfate content in CKD makes it an excellent activator for pozzo-
lanic materials. Taylor (1997) reported that class F fly ash (FA) reacts slowly at low
temperature due to low pozzolanic reactivity. Blending alkaline CKD was reported
to activate this pozzolanic reaction resulting in a better performing cementitious mate-
rial. Dyer et al. (1999) also prepared ternary blends containing two types of CKD, pul-
verized fuel ash, and OPC. It was reported that the addition of CKD accelerated the
binder hydration.

Decrease in hydration of CKD—cement pastes was observed by Kunal et al. (2014a)
at early ages of curing (7 days); whereas with increasing curing age (28 and 91 days),
increased hydration was observed up to 10% CKD replacement levels. Further in-
crease in CKD content, greater than 10%, resulted in a decrease in hydration. The
reduction in hydration was due to the leaching of calcium and silica from the kiln
dust during mixing with water resulting in less material available for the formation
of hydration products such as calcium silicate hydrate (CSH). Konsta-Gdoutos and
Shah (2003) reported the use of four different types of CKD (‘E,” ‘P,” ‘A,” and ‘X’)
as activators for ground granulated blast furnace slag (GGBFS) and investigated the
effect of CKD on the heat of hydration. CKD ‘E’ was the coarsest, with a mean diam-
eter of 60 pm; whereas CKD ‘A’ was the finest material used with a specific surface
area of 8270 cm*/g and a mean equivalent spherical diameter of 9 um. Approximately
75% of CKD ‘P’ and ‘X’ particles were in a range between 1 and 45 um. X-ray diffrac-
tion (XRD) analysis showed that in CKD ‘E’ activation of slag calcium hydroxide
(CH) was not observed after 7 days of hydration, indicating the consumption of all
of the available lime. In the CKD ‘X’ activated slag mixture after 28 days of hydration,
unreacted CH and formation of ettringite was detected.
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With increasing calcination temperature of CKD, slag activation increases (Amin
et al., 1995). Calcination of CKD at 1300°C with 15% anhydrite is suitable for the pro-
duction of supersulfated cement (El-Didamony et al., 1997). Wang et al. (2004) re-
ported that up to 120 days of curing (at 24, 38, and 50°C) the ettringite formation in
a CKD-FA paste was quite stable due to higher content of sulfur and aluminum in
CKD. Increasing curing temperature from 38 to 50°C reduced the formation of ettrin-
gite. With addition of NaOH (0%, 2%, and 5%), ettringite and CH formation was
observed to decrease under similar curing temperature; additionally, a greater reduc-
tion was observed at lower temperatures.

7.2.3.3 Strength properties

Although there are some contradictory results reported, the replacement of cement
with CKD up to about 5—10% has little impact on compressive strength (Maslehuddin
et al., 2008; El-Sayed et al., 1991; Batis et al., 2002); at replacement rates greater than
10%, compressive strength is generally reported to fall (El-Aleem et al., 2005; Shoaib
etal., 2000; Wang et al., 2002; Daous, 2004; Udoeyo and Hyee, 2002; Al-Harthy et al.,
2003). The addition of FA has been reported to mitigate this effect (Bhatty, 1984,
1986). The exception to this is when CKD is used in combination with slag to replace
cement; in this case the CKD, due to its high alkali and sulfate content, serves as an
activator for the pozzolanic slag materials, and increases in compressive strength are
observed (Konsta-Gdoutos and Shah, 2003; Shi, 2001). Table 7.4 shows compressive
strength data of CKD mortar and concrete published in different studies.

In most of the studies, up to 10% replacement of cement by CKD has no significant
effect on the compressive strength of hardened mortar and concrete up to 90 days
(Kunal et al., 2014a,b; Maslehuddin et al., 2009, 2008; Wang et al., 2002). The
increased strength in CKD mortars and concrete was attributed to an appropriate alka-
linity that increases the dissolution of silicate species and the formation of CSH (Wang
etal., 2002). Above 10% replacement levels the reduction in compressive strength was
due to the poor hydraulic property of CKD, reduction in the cement content, an in-
crease in free lime content and the water-to-binder (w/b) ratio, increased porosity,
and the formation of chloro- and sulfo-aluminate phases which lead to the softening
and expansion of the hydration products (El-Aleem et al., 2005; Daous, 2004;
Wang et al., 2002; Shoaib et al., 2000). Taha et al. (2004) observed that mortars con-
taining copper slag (CS) and CKD as partial replacements for PC at all curing ages
improved the compressive strength, but when using CS alone or lime as an activator
instead of CKD, lower compressive strength was observed.

Al-Harthy et al. (2003) reported that at a w/b ratio of 0.70 the decrease in strength
was greater compared to w/b of 0.60 and 0.50 at the age of 28 days. At 0.70 w/b ratio,
up to 8% and 13% reduction in compressive strength in mixes having 5 and 10%,
respectively, CKD was observed, whereas for 0.60 and 0.50 w/b ratio 12% and
18%; and 1.8% and 4.5% reduction in strength was observed at similar CKD replace-
ment levels compared to respective control treatments. Similarly, at 30% CKD substi-
tution, 31—22% reductions in strength were observed with decreasing w/b ratios from
0.70 to 0.50. Udoeyo and Hyee (2002) and Batis et al. (1996) reported a decrease in



Table 7.4 Compressive strength development in CKD concrete and mortar studied by several researchers

Compressive strength (MPa)

Study ﬁal;l]a)lcement (%) w/b Notes 3d 7d 14d 28d 56d 90d
Kunal et al. (2014a) 0 0.50 Concrete = 23.2 = 34.8 = 40.4
5 = 23.8 = 35.8 = 41.9
10 = 243 = 36.3 = 44.1
15 = 23.0 = 345 - 40.0
Maslehuddin et al. (2009) 0 NM Concrete — — = 55.0 = 63.0
5 (type I cement) _ _ _ 570 _ 605
10 = = = 48.0 = 56.0
15 = = = 47.0 = 53.5
0 NM Concrete - - - 51.0 - 60.0
5 (type V cement) _ _ _ 50.5 _ 60.0
10 - - - 50.0 - 57.0
15 = = = 46.8 = 52.0
Al-Jabri et al. (2006) 0 0.50 Concrete with = 36.7 = 45.8 = =
15 13.5% copper slag _ 315 . 38.8 _ _
0 0.60 = 35.8 = 42.7 = =
1.5 = 28.4 = 329 = -
0 0.70 = 24.1 = 27.9 = =
1.5 = 19.5 = 22.9 = =

Continued
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Table 7.4 Continued

Compressive strength (MPa)

Study Selgll;cement (%) w/b Notes 3d 7d 14d 28d 56d 90d
Kunal et al. (2014b) 0 0.50 Mortar = 15.3 = 22.6 = 30.5
10 = 17.4 = 25.8 = 329
20 = 12.6 = 19.5 = 243
30 = 10.7 = 15.2 = 20.7
Pavia and Regan (2010) 0 0.60 Mortar with calcium = = = 0.89 = =
5 %ime binder _ _ _ 073 _ _
instead of cement
10 = = = 0.92 = =
15 - - - 1.03 - -
20 = = = 1.05 = =
Maslehuddin et al. (2008) 0 NM Mortar 15.0 22.9 = 33.2 = =
5 21.6 27.6 = 34.8 = =
10 22.7 27.7 = 36.9 = =

OPC, ordinary Portland cement; NM, not mentioned.

991

S[PLISIRA] UONONISUOD) JR[NOBUIDA PUR [RUOUSAUOIUON



Utilization of industrial by-products and natural ashes in mortar and concrete 167

strength of concrete with increased w/b of 0.65—0.75 and at very high replacement
levels of CKD.

Higher alkali and sulfate content in CKD makes it an excellent activator for GGBFS
to create nonconventional cementitious binders for concrete (Konsta-Gdoutos and
Shah, 2003). Increased compressive strength of all the CKD—slag blends with curing
time (7, 28, and 56 days) were observed compared to ordinary PC—slag blends due to
the formation, precipitation, and accumulation of hydration products (such as CSH),
and the availability of Ca>* ions provided by the free lime content (Shi, 2001).

Wang et al. (2004, 2007) concluded that the addition of 2% and 5% NaOH and
elevated curing temperature (38 and 50°C) activate the CKD-FA (1:1) blends and
improved the binder strength development significantly at early ages of curing. On
the contrary, no improvement in the strength of CKD—FA pastes without NaOH
was observed when cured at 38—50°C temperature due to the effect of hydration tem-
perature on the microstructure of binder pastes (Kjellsen et al., 1992; Gebauer, 1981;
Verbeck and Helmuth, 1968). Bhatty (1984, 1986) concluded that the addition of FA
into a CKD—OPC mix lowered the alkali content and resulted in improved strength.

The flexural strength development follows a similar pattern as compressive
strength. Replacement of up to 10% cement by CKD shows no significant change
in flexural strength (Al-Harthy et al., 2003); whereas increase in strength (3.7%)
was reported in specimens with up to 15% CKD content (Wang et al., 2002). Shoaib
et al. (2000) and Udoeyo and Hyee (2002) concluded that as the amount of CKD
increased above 10%, tensile strength decreases due to poor bond strength between
aggregate and cement. Tables 7.5 and 7.6 show the flexural and splitting tensile
strength data of CKD mortar and concrete reported in different literature.

Table7.5 Flexural strength development in CKD concrete and mortar
studied by several researchers

CKD Flexural strength (MPa)
replacement
Study (%) w/b Notes 7d 28d 90d
Marku et al. 0 0.50 Mortar 7.3 8.4 9.5
(2012) 15 6.5 8.7 8.7
30 5.5 6.9 7.0
45 4.0 49 5.1
Al-Jabri et al. 0 0.50 Concrete = 5.4 =
(2006) with
1. — 4, —
> 13.5% 3
0 0.60 copper — 4.8 —
15 slag - 3.9 -
0 0.70 = 4.0 =
1.5 — 3.7 —

Continued
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Table 7.5 Continued

CKD Flexural strength (MPa)
replacement

Study (%) w/b Notes 7d 28d 90d
Al-Harthy et al. 0 0.50 = 4.7 =
(2003) 5 Concrete — 5.1 =
10 = 5.1 =
15 = 4.7 =
20 = 4.3 =
25 = 4.3 =
30 = 3.6 =
0 0.60 = 3.9 =
5 = 3.7 =
10 = 3.7 =
15 = 33 =
20 = 33 =
25 = 2.8 =
30 = 3.1 =
0 0.70 = 3.8 =
5 = 2.9 =
10 = 2.6 =
15 = 3.4 =
20 = 2.4 =
25 = 29 =
30 = 2.8 =

7.2.3.4 Durability properties

The influence of 15% CKD—cement replacement on the electrical resistivity of con-
crete mixes was observed by Maslehuddin et al. (2008) and Konsta-Gdoutos et al.
(2001). Both studies concluded that incorporation of CKD decreased the electrical re-
sistivity of the resulting concrete due to the increase of free chloride ions. This would
affect the corrosion of reinforcing steel. But at lower replacement levels by CKD (5%
w/w) in cement mortars, pore size reduced and thus the permeability, thereby
enhancing resistance to corrosion (El-Sayed et al., 1991). The OH™ ions generated dur-
ing the hydration reaction help in maintaining the passive oxide layer that protects the
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Table 7.6 Splitting tensile strength development in CKD concrete and
mortar studied by several researchers

Splitting tensile
CKD strength (MPa)
Study replacement (%) | w/b | Notes 7d 28d | 90d
Abdulabbas 0 0.47 | Concrete with 1.3 2.1 =
(2013) ordinary .
10 Portland 0.3 0.7
20 cement 0.9 1.4 —
0 Concrete with 1.7 2.9 =
sulfate-resisting .
10 Portland 0.5 0.8
20 cement 1.4 2.0 —
Al-Jabri et al. 0 0.50 | Concrete with = 3.5 =
(2006) 15 13.5% copper _ 24 .
slag
0 0.60 = 3.0 [ —
1.5 = 24 | —
0 0.70 = 2.3 =
1.5 = 2.3 =

steel. Batis et al. (1996) concluded that the elevated chloride and sulfate ions resulting
from the use of CKD accelerated the corrosion rate; whereas the fineness and relatively
higher alkalinity of CKD acts as a barrier for corrosion.

Durability can also be assessed by determining the permeability of the mortar and
concrete mixtures. Addition of up to 10% CKD decreased the sorptivity of mortar
(Al-Harthy et al., 2003), and water absorption and porosity of concrete specimens
(Kunal et al., 2014a), therefore, enhanced the durability. Decrease in permeability
also provides resistance to sulfate ingress, which in turn protects reinforcing steel
from corrosion.

Ramakrishnan and Balaguru (1987) and Batis et al. (1996) observed that 5—6%
replacement of cement with CKD did not appreciably affect the freeze—thaw dura-
bility of concrete; whereas Wang and Ramakrishnan (1990) reported some additional
mass loss compared to plain concrete specimens. Bhatty (1984) investigated the effect
of CKD on alkali aggregate reaction in mortars (ASTM C227) and concluded that
CKD contains varying amounts of alkalis, sulfates, and chlorides, which may lead
to durability problems which may be overcome by blending CKD with pozzolanic ma-
terials such as FA (Bhatty, 1986; Ramakrishnan, 1986).

Conclusion
While the replacement of PC with CKD may be beneficial in serving as an activator
for concrete and mortar mixes containing pozzolanic materials, in other applications
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the replacement rate should be limited to 10—15%. At replacement rates above this,
concrete strength and durability properties may be adversely affected. Inclusion of
CKD is also known to reduce concrete setting time, which must be a consideration
in its use.

7.3 Silica fume

Silica fume (SF) is a by-product of the smelting process (reduction of high-purity
quartz with coal in electric furnaces) in the production of silicon and ferrosilicon al-
loys. It is also collected as a by-product in the production of other silicon alloys
such as ferromanganese, ferromagnesium, ferrochromium, and calcium silicon (ACI
226-3R-87). It contains extremely fine amorphous particles of silicon dioxide (SiO)
which usually make up more than 90% of SF constituents. SF is also known as micro-
silica, volatized silica, and condensed SF or silica dust. SF, because of its extreme fine-
ness and high silica content, has been recognized as a pozzolanic material conforming
to specifications of ASTM C1240 for use as supplementary cementitious material in
cement mortar and concrete to enhance mechanical and durability properties.
According to the Florida Department of Transportation, the quantity of SF should
be between 7% and 9% by mass of cement replacement for mortar and concrete
production (Panjehpour et al., 2011). The use of SF is well established in concrete in-
dustries throughout the world and, perhaps, represents the most deeply entrenched and
accepted use of industrial by-products in the construction industry.

7.3.1 Physical properties

SF particles are extremely small and form a grayish black powder with more than 95%
of the particles finer than 1 um and having a specific area around 20,000 cm?/g. The
specific gravity of SF is generally in the range of 2.20—2.5 (compared to PC at
3.15). The bulk density of SF varies from 130 to 430 kg/m® (Silica Fume Association,
2005). Table 7.7 shows the typical physical properties of SF investigated by several
researchers.

Table 7.7 Typical physical properties of silica fume samples

area (cm2/g)

Mardani-
Guneyisi Aghabaglou Haruehansapong | Lilkov
Property et al. (2012) et al. (2014) et al. (2014) et al. (2014)
Particle size (um) | <1 = 0.1 <1
Specific gravity 2.20 2.10 = =
Specific surface 21,080 18,000 20,000 18,600
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Table 7.8 Chemical composition of silica fume samples

Mardani-
Composition | Guneyisi et al. | Aghabaglou Haruehansapong | Lilkov et al.
(%) (2012) et al. (2014) et al. (2014) (2014)
Si0, 90.36 87.29 88.3 89.50
ALO; 0.71 0.47 1.17 1.13
Fe,05 1.31 0.63 4.76 2.31
CaO 0.45 0.81 0.48 0.98
MgO = 4.47 2.14 1.55
K,O 1.52 1.28 = 0.60
Na,O 0.45 1.25 = 0.42
SO; 0.41 0.22 1.05 0.40
LOI 3.11 2.70 2.1 2.40

7.3.2 Chemical properties

SF is composed primarily of pure silica in noncrystalline form. SF has a very high con-
tent of amorphous silicon dioxide and consists of very fine spherical particles. Small
amounts of iron, magnesium, and alkali oxides are also found. Table 7.8 shows the
chemical properties of SF as reported by several researchers.

7.3.3 Effect of SF on properties of mortar and concrete
7.3.3.1 Water demand and workability

The water demand of cement paste increases with the increase in SF content (Rao,
2003). The influence of SF on the water demand of cement pastes and mortars contain-
ing from 0% to 30% SF by weight of cement was investigated, and it was concluded
that cement pastes containing 20—30% SF require up to 40% additional water to main-
tain a workable consistency. Addition of nanosilica (NS) to cement paste incorporating
SF increased the water demand, making the cement paste thicker compared to silica
fume—cement paste (Qing et al., 2007).

Workability is defined as the ease with which cement pastes and concrete can be
placed under the action of gravity. Workability is mainly dependent on particle size:
small particle size leads to higher water demand to achieve the same workability.
Sellevold and Redjy (1983) and Alshamsi et al. (1993) reported that with a high con-
centration of silica fume in concrete, water demand fell due to reduction in contact
points between different SF grains, and hence the desired consistency can be achieved.
On the contrary, Rao (2003) reported that the addition of small amounts of SF (up to
10% by weight of cement) does not require additional water or superplasticizers;
whereas replacement of higher amounts of cement (>>10%) with SF makes the mixture
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stiff and reduces its workability. Wong and Razak (2005) suggested that dosage of
superplasticizer improved the workability characteristics of SF—concrete with the
same w/c ratio. Luther (1989) and Tenoutasse and Marion (1987) proposed that con-
crete containing SF reduces bleeding because of its effect on rheological properties.
Additionally, the pozzolanic nature of SF reduced the alkali-sulfate resistance.

7.3.3.2 Setting time

Lohtia and Joshi (1996) and Uchikawa (1986) observed delay in setting time in SF
concrete compared to non-SF concrete of equal strength in the absence of a water
reducer. Addition of 15% SF with superplasticizer delayed both the initial and final
setting time by approximately 60 and 120 min, respectively. Addition of 10% micro-
silica had very little effect on setting times; whereas with higher percentages (20%
microsilica), an increase of setting time of 6—20% was observed. Rao (2003) contra-
dicted the earlier studies and suggested that due to the pozzolanic nature of SF, initial
setting time decreased with an increase in SF content.

7.3.3.3 Hydration

SF, due to its large specific surface area and amorphous nature, is highly reactive and
helps in accelerating the hydration of C3S, C,S, and C4AF (Uchikawa and Uchida,
1980; Kurdowski and Nocun-Wczelik, 1983). ACI Committee 234 (1987) reported
that SF accelerates the hydration of cement during early stages as it provides nucle-
ation sites for cement hydration products. Grutzeck et al. (1983) observed that silica
in SF dissolves in the presence of Ca(OH), which then acts as a substitute for the for-
mation of CSH hydration product. Partial replacement of cement by silica fume results
in a reduction of heat of hydration without affecting the strength (Lohtia and Joshi,
1996; Scott and Singh, 2011), while addition of lingosulfonate along with SF lowered
the cumulative heat evolution of cement pastes (Meland, 1983).

7.3.3.4 Strength properties

Partial replacement of cement with SF decreased the compressive strength of mortars
at early ages of curing (2 and 7 days); whereas with increasing age (28, 90 and
360 days) the strength increases. Addition of 5%, 7.5%, and 10% SF increased the
360-day compressive strength of OPC by 5%, 6%, and 10%, respectively (Senhadji
etal., 2014). Gleize et al. (2003) concluded that SF acts mainly at the paste—aggregate
interface in PC mortars and increased the compressive strength by improving bond be-
tween the hydrated cement matrix and sand (Huang and Feldman, 1985). Higher con-
centration of CH and greater porosity in cement paste provides surfaces on which SF
can react, thus improving concrete compressive strength.

Incorporation of NS also improves the strength properties. Shaikh et al. (2014)
observed that addition of NS (up to 2%) as partial replacement of cement enhanced
the compressive strength by 16% and 14% at 7 and 28 days, respectively. The addition
of higher NS content (6%) decreased the strength due to the agglomeration of NS par-
ticles in the wet mix resulting in a significant reduction of effective specific surface area.
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Concrete made with 15% SF along with superplasticizer (Cong et al., 1992) and
glass fibers (De Gutierrez et al., 2005) as partial replacement of cement showed
increased compressive strength and improved resistance to sulfate attack (Sakr,
2006). Wolseifer (1984) and Siddique (2011) reported that addition of SF as partial
replacement of PC improved the strength properties of mortar and concrete and,
thus, can be used to produce concrete with very high strength and low permeability.
Tables 7.9 and 7.10 show the compressive strength and splitting tensile and flexural
strengths of SF mortar and concrete investigated by several researchers.

7.3.3.5 Durability properties

Water absorption is defined as the amount of water absorbed by a material and is calcu-
lated as the ratio of the weight of water absorbed to the weight of the dry material. Par-
tial replacement of up to 15% cement by SF in concrete resulted in significant
reductions in porosity (Igarashi et al., 2005), and concrete becomes stronger but
also more brittle in nature (Ozyildirim, 1986; Plante and Bilodeau, 1989). Poon
et al. (2006) reported a decrease in porosity with age with the addition of 5% and
10% SF. Additionally, SF increased the matrix density and reduced the chloride
permeability.

Cwirzen and Penttala (2005) investigated the capillary porosity of eight non-air-
entrained concrete mixes with water-to-binder (w/b) ratios of 0.3, 0.35, and 0.42 con-
taining different percentages of SF. Concrete having a w/b ratio of 0.3 showed a
decrease in capillary porosity with SF; whereas for w/b ratios of 0.35 and 0.42, capil-
lary and total porosities appeared to be quite similar. Khan and Siddique (2011)
reviewed the durability properties of concrete containing silica fume and concluded
the effectiveness of SF for the development of high-strength concrete.

Conclusion

Inclusion of up to 10% SF does not require additional water or superplasticizers and
thus can be used to achieve desired workability. Partial replacement of cement by
SF results in a reduction of heat of hydration and increased setting times without
affecting the strength properties. SF can be used as partial replacement of cement to
produce concrete and mortar mixes with high strength and low permeability.

7.4 Waste foundry sand

Foundry sand is high-quality uniform-sized silica sand used to form molds for ferrous
(iron and steel) and non-ferrous (copper, aluminum, brass) metal castings. In the cast-
ing process, foundry sand is recycled and reused multiple times. However, eventually
the sand can no longer be reused in the casting process and becomes ‘waste foundry
sand’ (WES). WES is also referred to as spent foundry sand or used foundry sand.
The physical and chemical characteristics of foundry sand depend mainly on the
type of casting process and the industry sector from which it originates. A major
user of foundry sand is the automotive industry and its parts suppliers.



Table 7.9 Compressive strength development in SF concrete and mortar studied by several researchers

SF
replacement to

Compressive strength (MPa)

Study cement (%) w/b Notes 3d 7d 14d 28d 56d 90d
Gleize et al. (2003) 0 1.85 Mortar = 33 = 6.6 = =
10 (cement + lime) _ 293 _ 711 _ _
Wong and Razak (2005) 0 0.27 Concrete 68.0 72.5 = 84.0 86.5 87.5
5 63.0 75.5 = 88.5 93.0 96.5
10 61.0 79.0 = 95.5 100.0 104.0
15 59.5 76.5 = 101.0 103.5 106.0
0 0.30 63.5 72.0 = 83.5 84.5 85.5
5 62.0 81.0 = 91.0 95.5 95.5
10 61.5 78.5 = 95.0 97.0 99.0
15 57.5 74.5 = 98.5 101.5 104.0
0 0.33 58.0 62.5 = 75.0 78.0 79.0
5 55.0 69.5 = 83.0 85.0 90.0
10 53.0 70.5 = 89.5 90.5 92.0
15 47.5 70.5 = 88.5 93.0 95.5

VLI

S[PLISIRA] UONONISUOD) JR[NOBUIDA PUR [RUOUSAUOIUON



Poon et al. (2006)

Behnood and Ziari
(2008)

0.30

0.50

0.30

0.35

Concrete

High-strength
concrete

68.5
67.0
63.2
28.6
27.4
25.8

81.1
79.3
76.9
41.2
47.0
47.4
55.3
69.1
74.1
NM
61.5

96.5
106.5
107.9
52.1
54.3
58.4
67.4
80.3
84.2
NM
73.9

102.2
110.2
115.6
60.4
67.5
69.1

NM, not mentioned.
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Table 7.10 Splitting tensile and flexural strength development in SF concrete and mortar studied by several

researchers
Splitting tensile strength (MPa)
ST o e ity Splitting tensile Flexural
Study cement (%) w/b Notes 14d 28d 90d 14d 28d 90d
Almusallam et al. (2006) 0 0.35 Concrete with 2.3 2.5 2.7 = = =
10 calcareous limestone 32 34 37 _ . _
aggregate ’ ’ ’
15 3.3 3.6 3.9 = = =
0 Dolomitic limestone 2.7 3.2 34 = = =
10 aggregate 28 |34 |37 |- - -
15 2.9 34 4.4 = = =
0 Quartzitic limestone 3.0 3.2 3.9 = = =
10 aggregate 41 |43 |45 |- - -
15 4.2 4.5 4.6 - - =
0 Steel slag aggregate 3.9 4.0 4.1 — — —
10 4.0 4.3 4.5 = = =
15 4.1 4.5 4.8 - — -
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Bhanja and Sengupta
(2005)

Koksal et al. (2008)

10
15
20
25

10
15

0.34

0.38

Concrete

Concrete

4.5
5.6
5.7
5.8
6.0
5.8
35
3.8
54
6.5

7.4
8.8
8.9
9.9
10.9
8.8
5.7
6.1
8.1
9.3

9J2I0U0D puB IBLIOW Ul SAYse [eimeu pue spnpoid-£q [emsnpur Jo uonezinn

LLI



178 Nonconventional and Vernacular Construction Materials

AT A i

Figure 7.1 (a) Clay-bonded sand (www.alf-cemind.com) and (b) chemically bonded sand
(www.mechanicalengineeringblog.com).

WES, a by-product, has the potential to partially replace natural sand as a fine
aggregate in mortar and concrete, providing a recycling opportunity and potentially
improving the strength and durability of the resulting concrete. The typical physical
and chemical properties of WES depend upon the type of metal being cast, the casting
process and technology used, the type of furnace (induction, electric arc, or cupola)
and finishing process (grinding, blast cleaning, or coating). Based on the type of binder
systems used in metal casting, WES is categorized as either clay-bonded sand (green
sand) or chemically bonded sand. Clay-bonded sand is composed of naturally occur-
ring high-quality silica sand (85—95%), bentonite clay (4—10%) as a binder, a carbo-
naceous additive (2—10%) to improve the casting surface finish, and water (2—5%).
The high carbon content in WES gives it a black color (Siddique et al., 2010).

Clay-bonded sand is the most commonly used molding media in foundries. The
coating of clay binds the silica sand together (acting as a bulk medium that resists
high temperatures), and further addition of water improves plasticity. Addition of carbo-
naceous material prevents the “burn-on” or fusing of sand onto the casting surface.

Chemically bonded sands are used in mold making where high resistance is neces-
sary to withstand the heat of molten metal. Chemically bonded sand consists of
93—99% silica and 1—3% chemical binder such as phenolic-urethanes,
epoxy-resins, furfuryl alcohol, or sodium silicates. Chemically bonded sands are
generally lighter in color and in texture than clay-bonded sands (Fig. 7.1). Silica
sand is thoroughly mixed with the chemicals; a catalyst initiates the reaction that cures
and hardens the mass (Siddique and Singh, 2011).

7.4.1 Physical properties

WES is generally subangular to round in shape with color varying from medium tan or
off-white color (chemically bonded sand) to black or gray (clay-bonded sand). Javed
and Lovell (1994) reported that the particle size distribution of WES is uniform, with



Utilization of industrial by-products and natural ashes in mortar and concrete 179

Table 7.11 Typical physical properties of waste foundry sand

Javed and Naik et al. Guney et al. | Siddique

Properties Lovell (1994) (2001) (2010) et al. (2011)
Specific gravity 24-2.5 2.8 2.4 2.6
Fineness modulus = 2.3 = 1.8
Absorption (%) 04 5.0 = 1.3
Moisture content (%) | 0.1—10.1 = 3.2 =
Materials finer than = 1.1 24.0 18.0

75 pm (%)

85—95% of the material between 0.6 and 0.15 mm, and 5—12% smaller than
0.075 mm. The specific gravity of WES varies between 2.39 and 2.55, and it has
low water absorption capacity. Table 7.11 shows the physical characteristics of
WES reported by several researchers.

Carey and Sturtz (1995) and Deng and Tikalsky (2008) suggested that the work-
ability and suitability of WFS in flowable fill depends upon its physical properties
such as particle gradation, grain shape, fineness, density, absorption, specific gravity,
bleeding, setting time, hydraulic conductivity, and leaching characteristics. Pure
clay-based WES samples have moisture contents of 1—4% and require approximately
10% water content to “activate” bentonite binding; 2—3% water is needed as a solvent
or catalyst to activate organic binders in the organic-based chemically bonded sands
(Winkler and Bol’shakov, 2000).

Deng and Tikalsky (2008) reported that the variation in the bulk density
(1052—1554 kg/m3), specific gravity (2.38—2.72), and absorption (0.38—4.15%)
largely depends on sand mineralogy, particle gradation, grain shapes, and fine con-
tents. The highest absorption (4.15%) was found in WFS samples obtained from a cop-
per/aluminum foundry.

Naik et al. (2001) found that WFS had a higher content of particles finer than 75 pm
relative to the clean foundry sand. Test results showed lower values of soundness than
conventionally permitted ASTM C88 limits.

7.4.2 Chemical properties

The chemical composition of WES depends upon the type of metal molded at the
foundry and the types of binder and combustible used. WES is mainly composed of
silica sand, coated with a thin film of burned carbon, residual binder (bentonite, sea
coal, resins/chemicals), and dust. Table 7.12 lists the chemical composition of WFS
reviewed by Siddique and Singh (2011). Johnson (1981) suggested the pH value of
WES can vary between 4 and 8. Furfuryl alcohol, phenolic urethane, phenolic
acid-activated resin, phenolic resole-ester, phosphate, alkyd (oil) urethane, sodium sil-
icate, shell liquid/powered and flake resins are used as chemical binder system in
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Table 7.12 Typical chemical composition of waste foundry sand

American
Constituent | Foundry men’s | Guney et al. Etxeberria Siddique et al.
(%) Society (1991) (2010) et al. (2010) (2011)
SiO, 87.91 98.00 95.10 78.81
ALO; 4.70 0.80 1.47 6.32
Fe,05 0.94 0.25 0.49 4.83
CaO 0.14 0.03 0.19 1.88
MgO 0.30 0.02 0.19 1.95
SO; 0.09 0.01 0.03 0.05
Na,O 0.19 0.04 0.26 0.10
K,O 0.25 0.04 0.68 =
TiO, 0.15 = 0.04 =
Mn,O3 0.02 = = =
SrO 0.03 = = =
LOI 5.15 = 1.32 2.15

Adapted from Siddique, R., Singh, G., 2011. Utilization of waste foundry sand (WFS) in concrete manufacturing.
Resources, Conservation and Recycling 55, 865—1118.

foundry industries and may be present in WES. The majority of binders used in the
foundry industry are self-setting chemical binders.

Ministry of Natural Resources (MNR, 1992) reported that some WFSs can be cor-
rosive to metals due to the presence of phenols. Therefore, it is necessary to monitor
foundry sand sources and stockpiles to assess the need to establish controls for poten-
tial phenol discharges. According to the Federal Highway Administration (2004), the
maximum phenol content in foundry sand should be less than 2 mg/kg.

7.4.3 Applications of WFS

According to Winkler and Bol’shakov (2000), approximately 9 million metric tons of
WES was disposed of in landfills by metal casting foundries in the United States in
2000. Annual cost of WES disposal was around US $135—675 million including an
average landfill tipping fee of foundry by-products of US $15—75 per ton inclusive
of storage, transportation, and labor costs (Winkler et al., 1999). This not only imposes
a financial burden on the foundries but also causes potential remediation problems.
Alternate applications of WES offer cost savings for both foundries and user industries,
and an environmental benefit at the local and national levels. Utilization of WES in
concrete and concrete-related products like bricks, blocks, asphalt concrete, and
paving stones has been reported by Khatib and Ellis (2001), Naik et al. (2004), Bakis
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et al. (2006), Siddique et al. (2007), Etxeberria et al. (2010), and Guney et al. (2010).
Additionally, several studies (Ham et al., 1990; Javed and Lovell, 1994; Mast and Fox,
1998; Kleven et al., 2000; Abichou et al., 2004; Vipulanandan et al., 2000; Santurde
et al., 2011) have been reported on reuse of WES in road construction and embank-
ments, hydraulic barriers and layer construction, flowable fills, controlled
low-strength materials (CLSM) and landfill cover, soil reinforcement, hot mix asphalt
and smelting, PC manufacturing, concrete and mortars, agricultural/soil amendments,
vitrification of hazardous materials, and rock wool and fiberglass manufacturing.

7.4.4 Effect of WFS on properties of mortar and concrete
7.4.4.1 Strength properties

Guney et al. (2010) replaced fine aggregate with 0%, 5%, 10%, and 15% WEFS in con-
crete and observed a decrease in fluidity and the slump value of the fresh concrete. This
may be due to the presence of clayey type fine materials in the WFS, which are effec-
tive in decreasing the fluidity of the fresh concrete. Similar observations were also
observed by Etxeberria et al. (2010) in concrete mixes containing chemically bonded
and clay-bonded foundry sand.

Siddique et al. (2007, 2009), Naik et al. (1994), and Khatib and Ellis (2001)
concluded that up to 35% WEFS additions in concrete as partial fine aggregate replace-
ment increased compressive and splitting tensile strength marginally; whereas beyond
this replacement strength decreases (Guney et al., 2010). Siddique et al. (2009) partially
replaced fine aggregate (regular sand) with WES in three percentages (10%, 20%, and
30%) by weight and evaluated the compressive strength, splitting tensile strength, flex-
ural strength, and modulus of elasticity at 28, 56, 91, and 365 days. Marginal increases
in the strength properties of concrete containing WFS as partial replacement of fine
aggregate were observed, and it was concluded that WES can be effectively used in mak-
ing good quality concrete and construction materials. On the other hand, asphalt con-
crete mixes containing 0—20% WFS replacement of fine aggregate showed decreased
compressive and splitting tensile strength values (Bakis et al., 2006).

Etxeberria et al. (2010) observed 28-day compressive strength of 28.4 and 25 MPa
and modulus of 27.9 and 27.4 GPa in concrete containing chemically bonded and
clay-bonded foundry sand, respectively. It was also observed that both chemically
and clay-bonded foundry sand mixes achieved the same tensile strength (2.9 MPa).
Singh and Siddique (2012) investigated the abrasion resistance and strength properties
of concrete containing WFS replacing sand (fine aggregate) with 0%, 5%, 10%, 15%,
and 20% by mass. The w/c ratio was maintained at 0.40, and the workability of mix-
tures was maintained at a slump of 85 = 5 mm. Enhancement of 8.3—17% in terms of
compressive strength, 3.6—10.4% in terms of splitting tensile strength, and 1.7—6.4%
in terms of modulus of elasticity was observed at 28 days in concrete containing
different percentages of WES. It was also observed that inclusion of WFS led to
improved abrasion resistance of concrete at all ages.

Siddique et al. (2009) observed an increase in splitting tensile strength of concrete
mixtures with the increase in WES content. The 28-day splitting tensile strength of
control mixture (0% WFS) was 2.75 MPa; whereas 10%, 20%, and 30% WES concrete
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achieved strengths of 2.85, 2.9, and 3.0 MPa, respectively. Splitting tensile strength
was found to increase with age. With the increase in age from 56 to 365 days, increase
in splitting tensile strength for control mixture was between 6.5% and 12.7%; while for
10%, 20%, and 30% WES, it was 8.7% and 13%; 9.3% and 14.5%; and 8% and 15%,
respectively. Guney et al. (2010) observed that concrete specimens prepared with 10%
WES as fine aggregate replacement had slightly higher values than a control mix.

7.4.4.2 Durability properties

Naik et al. (2003) investigated the freezing and thawing resistance of bricks, paving
stones, and blocks containing WFS according to ASTM C1262. It was observed
that brick mixtures reached the critical value (0.2%) of weight loss following 40
and 12 freeze/thaw cycles for mixes having WFS replacement ratios of 25% and
35%, respectively, compared to 92 cycles for 0% WFS control mixtures. Partial
substitution of fine aggregate with WFS caused a sharp drop in freeze/thaw durability.
In case of paving stones, mixtures with 25% and 35% WFS reached the critical value
of weight loss (0.2%) following 95 and 45 freeze/thaw cycles, compared to 192 cycles
for 0% WEFS control mixtures. Overall, the freeze/thaw resistance of the paving stones
was about 2.3 times that of the bricks due to the lower water—cementitious materials
ratio of paving stones. With increasing WES in bricks, the freeze/thaw resistance
decreased (Naik et al., 2004); while a significant amount of mass loss due to surface
spalling between 60 and 150 cycles was observed in the case of paving stones.

Naik et al. (2001) observed the permeability of CLSM mixtures containing FA and
WES and determined that 30% replacement of FA by foundry sand reduced the perme-
ability; whereas an addition of 80% foundry sand abruptly increased the permeability.

Conclusion

WES can be suitably used in making good quality concrete and construction materials
with improved strength properties. However, limited studies indicate that WES may be
detrimental to durability in some respects, and its use must be considered accordingly.

7.5 Rice husk ash

Pozzolans from agricultural waste are receiving greater attention since their uses
generally improve the properties of blended cement concrete and reduce the environ-
mental impact of both the source agriculture industry and the energy-intensive cement
industry. Palm oil fuel ash and rice husk ash are two promising pozzolans that are
available in many parts of the world (Chindaprasirt et al., 2008). Rice husk ash
(RHA) has been used as a highly reactive pozzolanic material to improve the micro-
structure of the interfacial transition zone between the cement paste and the aggregate
in self-compacting concrete (SCC). Mechanical experiments of RHA-blended PC con-
cretes revealed that in addition to the pozzolanic reactivity of RHA (chemical aspect),
the particle grading (physical aspect) of cement and RHA mixtures also exerted signif-
icant influences on the blending efficiency.
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Rice husk is abundant in many parts of the world. RHA is a highly siliceous mate-
rial that can be used as an admixture in concrete if burned in a specific manner. The
characteristics of the ash are dependent on the components, temperature, and duration
of burning. When properly burned at temperatures lower than 700°C, reactive amor-
phous silica is obtained (Chindaprasirt et al., 2008). The silica content in RHA is
high at approximately 90%. Silica in amorphous form is suitable for use as a pozzolan.
With proper burning and grinding, ground RHA can be produced and used as a
pozzolan. Even at higher burning temperature with some crystalline formation of sil-
ica, good RHA can still be obtained by fine grinding (Chindaprasirt et al., 2008). The
reactive RHA is used to produce good quality concrete with reduced Ca(OH), and
higher resistance to sulfate attack.

7.5.1 Physical properties

RHA is grayish-black in color due to unburned carbon. At burning temperatures of
550—800°C, amorphous silica is formed, while crystalline silica is produced at higher
temperatures. The specific gravity of RHA varies from 2.11 to 2.27; it is highly porous
and light weight, with a very high specific surface area. Table 7.13 shows the physical
properties of RHA reported by several researchers. Fig. 7.2 shows images of RHA as
received and after burning at 700°C for 6 h (Della et al., 2002). Typically, RHA is used
in the form of ground RHA, having typical particle sizes generally less than 10 pm;
natural RHA (NRHA) has larger sizes of approximately 100 pm.

7.5.2 Chemical properties

RHA is rich in silica content with levels ranging from 85 to 96%. Presence of a high
amount of silica makes it a valuable material for use in industrial applications and as
pozzolanic material in construction. Apart from silica (SiO;), K>O, Al,03, CaO, MgO,
Na,O, and Fe,O3 are also present at typically less than 1% each. Table 7.14 shows the
chemical composition of RHA studied by several researchers.

Table 7.13 Physical properties of RHA

de Chatveera and
Chindaprasirt | Sensale Lertwattanaruk | Gastaldini

Property et al. (2008) (2010) (2011) et al. (2014)
Particle size (pum) 10 8 = =
Specific gravity 2.23 2.06 2.02 2.11
Blaine fineness = = 6200 =

(cmz/g)
BET-specific = 2,880,000 [ 1,100,000 188,900

surface area

(cm’/g)




184 Nonconventional and Vernacular Construction Materials

(b)

Figure 7.2 Rice husk ash (a) as received; (b) after burning out at 700 °C for 6 h.
Adapted from Della, V.P., Kuhn, L., Hotza, D., 2002. Rice husk ash as an alternate source for
active silica production. Materials Letters 57, 818—821.

7.5.3 Effect of RHA on properties of mortar and concrete
7.5.3.1 Strength properties

The partial replacement of PC up to 20% by RHA resulted in lower compressive
strength at early ages (less than 7 days), while with increasing age, compressive
strength increases (Gastaldini et al., 2014; Ferraro and Nanni, 2012; Madandoust
et al., 2011). Ferraro and Nanni (2012) reported that 28-day compressive strength of
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Table 7.14 Chemical composition of RHA

Rice husk ash (RHA)
Chatveera and

Composition | Chindaprasirt de Sensale Lertwattanaruk | Gastaldini
(%) et al. (2008) (2010) (2011) et al. (2014)
CaO 1.1 0.55 0.08 0.79
SiO, 93.2 87.2 78.12 93.54
ALO; 0.4 0.15 0.31 0.52
MgO 0.1 0.35 0.34 0.49
Na,O 0.1 1.12 0.17 0.03
K,0 1.3 3.60 0.82 1.65
Fe,03 0.1 0.16 0.23 0.20
SO; 0.9 0.32 0.09 0.05
LOI 3.7 6.55 8.31 2.32

concrete containing off-white RHA increased 13.6% and 15.6% with 7.5% and 15%
OWRHA replacement of cement for a control concrete (0% OWRHA) having a
strength of 36 MPa. Similarly, increases of 16.9% and 20.3% in 91-day compressive
strength were observed. Madandoust et al. (2011) found that 20% RHA replacement of
cement is beneficial for long-term strength development. At 3 days of curing, the
compressive strength of RHA concrete was 65% of normal concrete, increasing to
96% and 98% at 90 and 180 days of curing. Strength at 270 days was comparable
to normal concrete; whereas at 360 days, strength was slightly greater (2%). It was
concluded that RHA concrete cannot be used for fast track construction due to its
reduced strength at early age. At early ages, lower compressive strength in RHA con-
crete was due to the reduction in water availability because RHA absorbs some water
during mixing, which becomes available at later ages for continued cement hydration.
The greater eventual strength is attributed to the filler effect of smaller RHA particles in
concrete. Gastaldini et al. (2014) observed higher strength values in 20%, 30%, and
20% RHA concrete with w/c ratio of 0.35, 0.50, and 0.65, respectively.

Particle size of RHA also influences the compressive strength of concrete. Tuan et al.
(2011), in a study of ultra-high performance concrete (UHPC), observed that with
increasing mean particle size, strength decreases linearly. A 28-day compressive
strength of 150 MPa was achieved with the mean particle size of about 8 um, while
strength of 180 MPa was achieved with 3.6 um particle size. Blends containing 10%
grounded RHA (GRHA) and 10% SF showed better compressive strength
(~160 MPa) compared to control UHPC at the age of 28 days. NRHA is coarser
than GRHA, and its incorporation in concrete results in reduced 28-day strength and
stiffness. Replacement of OPC by 15% NRHA achieved 90% of the strength of concrete
with 15% GRHA (Zerbino et al., 2012) and 0% RHA (Nor Atan and Awang, 2011).
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Comparable strength values were also observed when 30% OPC was replaced with
limestone powder (LP)—NRHA and FA—NRHA blends, while lower compressive
strength was observed with 30% SF—NRHA blends (Nor Atan and Awang, 2011).

RHA blended with sugar cane bagasse ash (SCBA) (Juma et al., 2012) and meta-
kaolin (MK) (Yu et al., 1999) significantly increased the compressive strength of con-
cretes due to the microfilling ability of RHA, pozzolanic reaction between CH and
silica, and hydration of silica itself. Due to the fine particle size, RHA blended with
SCBA and MK filled the microvoids within the cement particles and readily reacted
with water and CH to produce additional CSH. With curing time, as hydration pro-
ceeds, more hydration products and cementing materials are formed, leading to an in-
crease in compressive strength of cement pastes (Shatat, 2013). Above 10%
replacement of cement by RHA in concrete, capillary pores increase and accumulate
CH on the interface (Chao-Lung et al., 2011). This made the matrix less compact
and produced lower early compressive strength than control specimens. After
28 days, the pozzolanic reaction started and decreased the CH content, resulting in
densification of the matrix, consequently enhancing the strength at later ages.
Table 7.15 shows the compressive strength development in RHA concrete investigated
by several researchers.

Ahmadi et al. (2007) studied the compressive strength of SCC mix containing RHA
at replacement percentages of 10% and 20% and w/b ratios of 0.40 and 0.35. RHA—
SCC mixes showed higher compressive strength (31—41%) than normal concrete. In
addition, w/b ratio has more impact on normal concrete than on SCC. Finally,
increasing the amount of cement replacement with RHA requires an increase in w/b
ratio. It was observed that SCC mixes exhibited flexural strength about 12—20%
greater than normal concrete, and the mixes containing 20% RHA had the highest flex-
ural strength in all cases; while reduced modulus of elasticity (MOE) was observed in
all the RHA—SCC mixes. Memon et al. (2011) calculated the compressive strength of
SCC mixes with different w/b ratios (0.4, 0.38, and 0.36) and percentages of superplas-
ticizer (3.5, 4.0, and 4.5 by weight of binder content). The control mix with 3.5%
superplasticizer (CC3.5) developed the highest compressive strength of 10.5 and
28.4 MPa at 7 and 28 days, respectively. For control concrete and mixes with 5%
RHA, the compressive strength decreased with increased dosage of superplasticizer;
whereas with 10% RHA, the strength increased with increased dosage due to improved
workability and self-compactibility. For an equal dosage of superplasticizer, RHA
mixes showed higher compressive strength compared to control mixes. This increase
is due to the effectively reduced w/b ratio resulting from RHA absorption, dense par-
ticle packing, and pore and grain size refinement.

Khadiry et al. (2014) compared SCC incorporating RHA and shell lime powder
(SL), both locally available mineral admixtures, as an additional cementing material
for a period of 7, 14, and 28 days. SCC—RHA mix gave a higher strength by 24%
for 7 days. At 28 days, the strength of RHA—SCC was essentially the same as that
of SL SCC at 28 days. It was concluded that since RHA contains silica and SL contains
calcite, the silica reacts better with cement since cement contains lime, which itself
consists of calcites.



Table 7.15 Compressive strength development in RHA concrete studied by several researchers

Compressive strength (MPa)

Study ?ei)llAacement (%) w/b Notes 3d 7d 14d 28d 56d 90d
0 0.35 Concrete 46.0 50.0 54.0 56.0 60.0 67.0
Chao-Lung et al. (2011) 10 41.0 47.0 52.0 61.0 62.0 67.0
20 38.0 47.0 52.0 60.0 61.0 69.0
30 32.0 43.0 51.0 54.0 60.0 64.0
0 0.44 Concrete = 27.6 = 36.0 = 37.9
Ferraro and Nanni 7.5 — 28.0 — 40.9 — 44.3
(2012) 15 - 292 - 416 - 456
Gastaldini et al. (2014) RHA w/b Notes 28 days air curing including curing in 95% humidity at...
replacement 3 s 7 dlme
0 0.35 Concrete 54.0 58.0
5 56.0 60.3
10 59.3 65.0
20 61.0 72.0
30 65.7 72.7
0 0.50 373 40.0
Continued
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Table 7.15 Continued

Compressive strength (MPa)

RHA
Study replacement (%) | wib | Notes 3d | 7 | 14 284 |sea | 90d

5 437 477

10 405 420

20 407 430

30 470 492

0 0.65 29.0 59

5 33.8 36.0

10 29.0 35.7

20 30.0 32.0

30 31.0 5.5
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Increasing the RHA content in concrete increased the 28 day MOE (~9—16%),
flexural (~7—20%), and splitting tensile (~4—30%) strengths. At 7.5% and 15%
replacement levels, unground low-carbon RHA concrete exhibited increases of 7%
and 15% in flexural, and 16% and 4% in splitting tensile strengths, while GRHA con-
crete showed increases of 9 and 20% and 16 and 30%, respectively (Venkatanarayanan
and Rangaraju, 2015). Rahman et al. (2014) concluded that 20% RHA replacement
was acceptable, as its splitting tensile strength was similar to that of the control mix.

7.5.3.2 Durability properties

Ramasamy (2012) calculated porosity test values of control concrete and those with
different percentages of RHA after 60 days. It was observed that the porosity decreases
with increase in RHA content. The porosity of concrete decreased from 4.7% to 3.9%
when the RHA replacement level increased from 5% to 20%. The small RHA particles
improved the particle packing density of the concrete mixture leading to a reduced vol-
ume of larger pores.

Increasing the RHA content in concrete as cement replacement decreased the charge
passed. Ramasamy (2012) reported that with incorporation of the RHA in concrete, the
chloride ion permeability values fell from “low” (1000—2000 coulombs) in the control
mixes to the “very low” (100—1000 coulombs) category. This was attributed to the finer
pore structure in the hydrated cement paste especially at the aggregate—paste interface.
A similar trend was also observed by Nehdi et al. (2003) and Zhang et al. (1996).

Immersion of 15% RHA concrete specimens (w/b 0.50) in chloride solution (5%) for
21 days showed a decrease in chloride penetration, while specimens containing NRHA
and 15% combusted RHA (CRHA) with w/b 0.40 exhibited a reduction in chloride ion
penetration (de Sensale, 2010). Substitution of PC by 15% CRHA showed the greatest
resistance to chloride penetration (w/b 0.50), while in concrete with w/b 0.40 and 0.32,
NRHA showed resistance to chloride ion penetration due to the reduction in pore size.

Incorporation of RHA increases the drying shrinkage and depth of carbonation of
concrete mixtures compared to OPC concrete. Chatveera and Lertwattanaruk (2011)
measured the change in length of concrete specimens periodically for 150 days. Higher
dry shrinkage and depth of carbonation was observed in RHA concrete than in OPC
concrete. This was due to lower cement content and increased porosity through which
CO; infiltrates easily to react with water present in capillary pores to form carbonic
acid. On the contrary, Rukzon et al. (2009) observed a decrease in drying shrinkage
with increasing RHA content due to refinement of pore structure and increased forma-
tion of hydration products.

Conclusion

RHA can effectively be used as a constructional material for long-term strength develop-
ment in mortar and concrete. Replacement of cement up to 20% by RHA reduces the early
age strength, but its low pozzolanic activity and water absorbability may be beneficial for
long-term strength development and reduced chloride penetrability. Atreplacement levels
of 10—20%, RHA—SCC mixes may prove beneficial for achieving higher compressive
and flexural strength with improved workability and self-compactibility.
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7.6 Palm oil fuel ash

Palm oil is one of the most important agricultural industries in Southeast Asia, with
Malaysia being the largest exporter (47%) of palm oil to the world. The palm oil in-
dustry generates large amounts of solid waste and residues such as palm shells, fibers,
and husk. These wastes and residues are burned in a boiler under high temperature
(900—1000°C); the ash generated is known as palm oil fuel ash (POFA). Due to min-
imal utilization of POFA, its quantity increases annually and is disposed of on open
landfills, causing environmental concerns. The utilization of POFA in cement and con-
crete has been studied by several researchers (Tangchirapat et al., 2009; Kroehong
et al., 2011; Jaturapitakkul et al., 2011; Noorvand et al., 2013).

Similar to RHA, a high content of silica in amorphous form makes POFA a pozzo-
lanic material. According to ASTM C618 (2001), pozzolanic material contains sili-
ceous and aluminous material by composition and has little or no cementitious
property, but when it reacts with CH in the presence of water, it acts as a cementitious
material. Tangchirapat et al. (2003) reported that POFA contains a large amount of sil-
ica and acts as pozzolanic material for cement replacement.

7.6.1 Physical properties

POFA is generated as the by-product of burning oil palm husk and palm kernel shell in
the palm oil mill boiler. The ash is grayish-black in color due to unburned carbon. The
collected ash is dried in an oven and sieved to get a wide range of sizes. Jaturapitakkul
et al. (2007) found that the large size (183 um) particles of POFA (LP) were spherical
and porous. The size of the particles can be reduced by grinding to medium (MP) and
small (SP) with median particle sizes of 15.9 and 7.4 pm, respectively. After grinding,
the MP and SP exhibited irregular particle geometry with a crushed shape (Fig. 7.3).
Table 7.16 shows the physical properties of POFA reported by several researchers.

7.6.2 Chemical properties

X-ray fluorometry analysis revealed that POFA contains a high composition of silica
(Si0y), in the range 46—64%, followed by calcium oxide (6.5—14%) and aluminum
oxide (0.9—4.5%). It was observed that finer particle sizes have greater silica content
and lower the LOI (Yusuf et al., 2014). Table 7.17 shows the chemical composition of
the POFA studied by several researchers. XRD of ultrafine palm oil fuel ash (UPOFA;
1 pm size) showed that UPOFA has both amorphous and crystalline phases. Fig. 7.4
shows the XRD pattern of UPOFA, and the peaks include quartz (SiO;), calcite
(CaCO3), cristobalite (SiO;), and potassium aluminate phosphate (KAl(POy)3).

7.6.3 Effect of POFA on properties of mortar and concrete

7.6.3.1 Strength properties

As shown in Table 7.18, several studies report that addition of POFA in mortar and
concrete improved strength properties. Altwair et al. (2012) observed improved
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Figure 7.3 Scanning electron
microscopy images of (a) large size
(LP) palm oil fuel ash (POFA)
(median particle size 183 pum);

= (b) medium size (MP) POFA
(median particle size 16 pm);

(c) small size (SP) POFA (median
particle size 7 um).

Adapted from Jaturapitakkul, C.,
Kiattikomol, K., Tangchirpat, W.,
Saeting, T., 2007. Evaluation of the
sulfate resistance of concrete
containing palm oil fuel ash.

. Construction and Building Materials
21, 1399—1405.

- 10 m

2, 000 39 o

’

» i

| e =K &
S PR TR

10 m

10 KV 1, 000 38

’



192

Nonconventional and Vernacular Construction Materials

Table 7.16 Physical properties of POFA

Kroehong Jaturapitakkul | Noorvand Yusuf et al.

Property et al. (2011) et al. (2011) et al. (2013) (2014)
Specific gravity 2.36—2.48 2.05—2.39 1.97 2.6
Median particle 2.1-15.6 12.3—-30.8 82 1.07

size, dsq (Lm)
Blaine fineness 6,700—14,900 6,605—12,285 = =

(cm?/g)
Specific surface = = 255,000 134,000

area (cmz/g)

Table 7.17 Chemical composition of POFA
Palm oil fuel ash (POFA)

Composition | Kroehong et al. | Jaturapitakkul | Noorvandetal. | Yusuf et al.
(%) (2011) et al. (2011) (2013) (2014)
CaO 12.5 6.4 139 8.5—11.0
Si0, 54.0—55.7 65.3 48.9 46.0—60.4
Al,O4 0.9 2.6 2.7 3.1-43
MgO 5.1 3.1 2.7 44-53
Na,O 1.0 0.4 0.1 0.1-0.2
K,0 11.9 5.7 7.1 4.1-5.0
Fe,05 2.0 1.9 6.5 24-33
SO; 29 0.5 1.5 0.3—-0.4
P,0s5 = = 3.7 3.9-45
TiO, = = = 0.13—0.19
LOI 4.7 10.0 11.3 2.5-21.6

28-day compressive strength in mixtures containing POFA—cement ratio of 0.4
compared to control mixtures at similar w/c ratios of 0.33—0.38. Lower first cracking
strength (flexural) was also observed when increasing POFA—cement ratio from 0 to
1.2 at w/c ratio 0.33, due to decreased available w/c ratio with increased POFA con-
tent. Kroehong et al. (2011) and Jaturapitakkul et al. (2011) partially replaced cement
with POFA (up to 40%) having smaller and larger particle size. It was observed that
mixes with small POFA particles produced higher strength than those with larger par-
ticles, and this increased with age (7—90 days). Some specimens produced higher
strength than control specimens (Jaturapitakkul et al., 2011); whereas Kroehong
et al. (2011) reported lower strength values of POFA-blended cements. The increased
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Figure 7.4 X-ray diffraction of ultrafine palm oil fuel ash.

Adapted from Yusuf, M.O., Johari, M.A.M., Ahmad, Z.A., Maslehuddin, M., 2014. Influence of
curing methods and concentration of NaOH on strength of the synthesized alkaline activated
ground slag-ultrafine palm oil fuel ash mortar/concrete. Construction and Building Materials 66,
541-548.

compressive strength in mixes containing smaller POFA particles was due to improved
hydration reaction, nucleation effect, packing effect, and pozzolanic reaction.

Yusuf et al. (2014) achieved 32.8%, 28.9%, and 28.3% increases of compressive
strength in oven-cured samples than GSS-free mortar with Na;SiO3/10 M NaOH
mass ratio of 1.0 at 3, 14, and 28 days, respectively. Strength development in mortars
prepared with low NaOH concentration (4 M) was not significant due to low dissolu-
tion of active precursors, namely Si—O, Al—O, and CaO. The highest 3-day strength
(54.5 MPa) was achieved in mortars prepared with 10 M NaOH, and it was concluded
that use of NaOH concentration above 10 M in mortars became corrosive and expen-
sive, and there was no increase in strength beyond 10 M NaOH concentration.

Incorporation of NS in mortars containing UPOFA also increased the compressive
strength (Noorvand et al., 2013). Improvement in strength for the blended pozzolan
mixtures (POFA + FA and RHA + FA) was observed compared to individual pozzo-
lanic materials up to 40% (Chindaprasirt et al., 2008) and 20% (Chindaprasirt et al.,
2007; Tangchirapat et al., 2009) replacement levels; this is attributed to the filler effect
of POFA and the synergistic effect of the blended pozzolans that formed the additional
hydration products.

Exposing the concrete to sulfate decreased the compressive strength, and this effect
can be minimized using POFA as cement replacement (Jaturapitakkul et al., 2007).
Incorporation of small-sized POFA particles (SP) showed higher 28-day compressive
strength and lower expansion values (after immersing in 5% MgSQOy solution for
24 months) than medium (MP) and large (LP) POFA particles.

7.6.3.2 Durability properties

Kroehong et al. (2011) observed reduced porosity in 20% and 40% finely ground POFA
(GPOFA)—OQOPC pastes which further reduced with age (28—91 days). Pastes containing
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Table 7.18 Compressive strength development in POFA mortar
and concrete studied by several researchers

PORA o siength (MPo)
Study (%) w/b | Notes 7d 28d | 90d
Chindaprasirtetal. | O 0.50 | Mortar 43.5 | 57.0 | 60.0
(2008) 20 435 | 575 | 620
40 325 | 535 | 61.5
Noorvand et al. 0 0.35 | Mortar 544 | 673 | 88.5
(2013) 10 508 | 620 | 8422
20 433 | 525 | 70.3
30 38.7 | 45.0 | 58.0
Kroehong et al. 0 0.35 | OPC control 53.0 [ 75.0 | 99.1
(201D) 20 Cement paste | 483 | 72.0 | 102.0
40 pwiigclf;);‘; 410 | 615 | 88.1
15.6 pm
20 POFA particle 519 | 77.3 | 109.6
40 size ZLum g0 | 665 | 94.1
Tangchirapat et al. | O 0.32 | Concrete 549 | 585 | 64.7
(2009) 10 556 | 59.5 | 67.5
20 54.6 | 609 [ 69.4
30 53.2 | 58.8 | 66.1
Altwair et al. 0 0.33 | Concrete with - 395 | —
5 o
e 04 ggﬁiffement B 4061~
0.8 ratios - 392 | —
1.2 = 373 | —
0 0.36 = 374 | —
0.4 = 398 | —
0.8 = 36.5 | —
1.2 = 328 | —
0 0.38 = 36.7 | —
0.4 = 356 | —
0.8 = 319 | —
1.2 = 30.0 | —
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20% GPOFA showed lower porosity values than 40% GPOFA, and this was due to the
higher fineness of POFA which was ground to a particle size smaller than the OPC, hav-
ing a good filler effect in reducing the pore size of the blended OPC pastes. The perme-
ability of OPC concrete falls with the curing age and can be reduced by incorporating
POFA particles. Chindaprasirt et al. (2007) reported lower permeability in 20% and
40% GPOFA concretes after 28 days of curing, while similar observations were also re-
ported by Tangchirapat et al. (2009) in concrete with up to 30% GPOFA content after
the age of 90 days compared to control concrete. Chindaprasirt et al. (2008) found that
incorporation of pozzolans (POFA, RHA, and FA) reduced the charge passed
(200—3050°C) in mortars compared to OPC mortar (7450°C). Blends of 20% and
40% POFA + FA further reduced the charge passed and showed better resistance to
chloride permeability than RHA + FA blends at 28 days.

Replacement of cement up to 10% UPOFA content in mortars showed lower values for
water absorption and permeable void ratio (Noorvand et al., 2013), and this can further be
reduced by the addition of NS (0.5—1.5%). The reduction in water absorption and perme-
able void ratio in NS modified mortars was due to the filling effect of nanomaterials, nucle-
ation effect of NS (hydration products envelop the nanoparticles) and more formation of
CSH that densify the matrix, hence formed the homogenous microstructure.

Conclusion

High silica content in POFA makes it a suitable constructional material for producing
high-strength mortar and concrete. Partial replacement of cement with POFA (up to
20%) significantly increases the strength properties of concrete due to fine particle
size and pozzolanic activity of POFA; in another application, addition of 10 M
NaOH, NS (0.5%), and other pozzolanic materials (FA, RHA, etc.) may have benefi-
cially enhanced the strength properties and produced mortars and concretes with
reduced water absorption, porosity, and water and chloride permeability.

7.7 Conclusions

Mortar and concrete are the most widely used construction materials because of their
versatility, economy, availability of raw materials, strength, and durability. Advances
in concrete technology in recent years have generally focused on the strength and dura-
bility of structures resulting from the improved design of mortar and concrete. Re-
searchers are continuously working to improve concrete strength and durability with
the help of innovative chemical admixtures and supplementary cementitious materials
(SCMs). The use of SCMs conserves energy and reduces global carbon dioxide emis-
sion associated with the manufacture of PC. SCMs used in cement mortar and concrete
mixes are often industrial by-products or natural ashes, which not only prevents them
from being landfilled, but also enhances the fresh and hardened state properties of the
resulting concrete.

A substantial amount of research has been dedicated to improving the understanding
of the behavior of a broadened range of industrial by-products and natural ashes in
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mortar and concrete products. Utilization of industrial by-products (CKD, SF, WES) and
natural ashes (RHA, POFA) has beneficial effects on the strength and durability prop-
erties of mortar and concrete. CKD is effective as an activator for concrete and mortar
mixes containing pozzolanic materials at replacement levels of 10—15%. Partial replace-
ment of cement by SF up to 10% can effectively be used to achieve desired workability,
reduced heat of hydration, and increased setting times without affecting the strength and
durability properties. Studies report that inclusion of WES up to 35% by weight of
cement can be used in making good quality mortar and concrete with improved strength.
High silica content in natural ashes (RHA and POFA) makes them suitable construc-
tional material for long-term strength development in mortar and concrete. Partial
replacement of up to 20% cement with RHA and POFA significantly increases the
strength properties of concrete at later ages due to fine particle size and pozzolanic ac-
tivity. Incorporation of RHA in SCC and blending of POFA with other pozzolanic ma-
terials (FA, SF, etc.) may prove beneficial in improving the strength properties with
reduced water absorption, porosity, and water and chloride permeability.

While some SCMs are widely used (SF), others are in their infancy and require addi-
tional study to better establish long-term performance characteristics. Effects and leaching
of trace heavy metals (CKD) and other chemicals (WFS) detrimental to the environment
or human health need to be considered in future studies; indeed, it may well be determined
that sequestering these in concrete is preferred to other disposal options, although their
presence may limit the use of these waste-containing concrete mixes.
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8.1 Introduction

8.1.1 Economic and environmental issues

One of the serious problems faced by the ever-growing population in developing coun-
tries is lack of adequate habitat. Central to the cause of inadequate housing in devel-
oping countries is the high cost of conventional building materials and an unfair
income distribution (Junior et al., 2003). Unskilled labour is highly available for gen-
eral construction in developing countries; the most significant problem in housing
delivery is the relatively high cost of building materials. Since aggregate is generally
locally available, the main focus in material cost for concrete production is the cost of
the binder (cement). The first observation in this regard is the small number of cement
plants established in Africa and other developing countries. Cement is largely im-
ported and thus becomes very expensive for local use. Less than 5% of world cement
production is attributed to Africa, thus Africa is a net importer of cement. Fig. 8.1
shows cement consumption by major countries in subtropical Africa compared with
Germany. There are more cement plants in Germany than the whole of sub-Sahara Af-
rica. The locations of cement plants are also indicated. Infrastructure development has
been largely neglected in Africa due to its history of civil unrest, political instability
and poor investment climate. Although the per capita consumption of cement in Africa
is very low, it is one of the fastest growing continents in terms of rate of growth of
cement consumption per capita. The average per capita cement consumption in Africa
is 90 kg per person per annum. This is compared with a global average of over 550 kg
per capita.

The slow development in establishment of cement production plants has resulted in
the escalation of cement prices in certain regions of Africa. The cost of 50-kg bags of
cement in various countries are presented in Table 8.1 for comparison. By contrast, in
2008, 50 kg of cement in the United States or Europe was less than $6.

The real issue is the affordability of cement. For an average worker, the number of
working days required to earn the equivalent cost of a ton of cement makes the material
not easily affordable in most African countries.

The circumstances that the typical African consumer faces are a combination of low
income and high prices of cement. High cement prices should not be an obstacle for the
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Figure 8.1 Locations of cement plants and annual per capita cement consumption in
sub-equatorial Africa (Schmidt et al., 2012).

construction industry in developing countries but should instead motivate the develop-
ment of concrete technology that does not require large amounts of cement. It is the
duty of the local standards organisations to ensure that quality is not compromised
in any alternative building solution.
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Table 8.1 Cost of cement in selected African
countries in 2008

Retail price (50-kg
Countries cement in USD)
Togo 8.40
Burkina Faso 13.10
Cote d’Ivoire 9.40
Nigeria 14.90
Cameroon 13.50
Gabon 13.50
DR Congo 15.60
Central African Republic 39.50
Zambia 11.50
Ethiopia 20.00
Tanzania 15.00
Kenya 10.81
South Africa 8.50

World Bank Report, 2009. Cement Sector Program in Sub-Saharan Africa: Barriers Analysis
to CDM and Solutions.

As the people in less-developed countries struggle with the affordability of cement,
the environmental concerns relating to the world production of cement becomes a sec-
ondary concern. Cement manufacture causes environmental impacts at all stages of the
process. These include emissions of airborne pollution in the form of dust, greenhouse
gases, noise and vibration when operating machinery and during blasting in quarries
and damage to countryside from quarrying. Due to the large quantities of fuel used dur-
ing manufacture and the release of carbon dioxide from the raw materials, cement pro-
duction also generates more carbon emissions than any other industrial process. The
production of 1 metric ton of Portland cement clinker results in the release of about
850 kg of CO; into the atmosphere. About 5—7% of global CO, emission is caused
by the cement industry (Roskovic and Bjegovic, 2005).

The general goal of sustainable development is to meet the essential needs of peo-
ple. It is thus geared towards meeting the needs of the present generation without
compromising the ability of future generations to meet their own needs (Adedeji,
2010). Sustainable building materials are environmentally responsible because their
impacts are considered over the complete life time of the products. Sustainable build-
ing materials should pose no or very minimal environmental and human health risks
(Calkins, 2009). They should also satisfy the following criteria: rational use of
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natural resources, energy efficiency, elimination or reduction of generated waste, low
toxicity, water conservation and affordability. Soil-cement blocks (or bricks), also
known as compressed stabilised earth blocks (CSEBs), largely meet these criteria.
The degree of sustainability of CSEB is further increased by the use of interlocking
system.

Many block-producing companies are currently developing and marketing
dry-stack masonry. Each dry-stack system is unique and therefore will be treated as
such. The behaviours of interlocking masonry walls have been studied and reported
by several researchers, including Hendry (1981), Monk (1967), Morsy (1968) and
Uzoegbo (2011). Various interlocking systems have been developed. Some are
made of hollow-block systems such as the Sparlock, Meccano, Sparfil and Haener sys-
tems. Others are made of solid blocks such as the Hydraform interlocking blocks. In
solid interlocking blocks, substantial cost savings can be achieved due to elimination
of bedding mortar in the superstructure. This accelerates the construction duration,
thereby reducing both the need for skilled labour and cost.

8.1.2 Summary of the advantages of CSEB construction
Some of the advantages of CSEB construction include:

* Energy saving. Clay bricks require three times more energy (406 kg of CO, emission) per
square metre than soil-cement blocks (119 kg of CO; emission).

* Less cement is used compared with normal concrete products.

* Soil is available in large quantities in every region; it is inexpensive and is easily accessible to
low-income groups. In some locations, it is the only material available.

* Requires less transportation of materials.

* Ease of use—usually little specialised equipment is required.

» Fire resistance. Soil-cement products are noncombustible with excellent fire-resistance
properties.

* Soil-cement construction has beneficial climatic performance due to its high thermal capac-
ity, low thermal conductivity and porosity; thus, it can moderate extreme outdoor tempera-
tures and maintain a comfortable interior temperature.

* Soil-cement blocks are usually 2.5 times larger than normal burnt clay bricks; the construc-
tion is therefore faster as the number of joints is consequently reduced.

* It is the ideal local material as the production is made on site itself or in a nearby area.

8.1.3 Cost comparison

Economy is achieved in soil-cement construction through the use or reuse of in-place
or nearby borrow materials. No costly hauling of expensive, granular materials is
required; thus, both energy and materials are conserved. Unit production costs for
soil-cement blocks will differ in relation to local conditions. The main reasons for
cost variations include: availability of soil, whether it is available on site or transported
to the site and suitability of the soil for stabilisation (it may be necessary to add
sand if the soil has excessively high linear shrinkage); current prices of materials, espe-
cially stabilisers; size and type of equipment used, whether manually operated or
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mechanised; current wage rates; and productivity of the labour force. A cost compar-
ison of stabilised soil-cement blocks and conventional blocks which takes into account
the speed of construction, cost of binding mortar, and transportation of materials shows
that on average CSEBs are about half the cost of convention concrete masonry of
similar strength.

8.1.4 Limitations of CSEB construction

Some of the limitations in the application of soil-cement products in construction are as
follows:

* Not all engineers are generally familiar with CSEBs.

* Soil differs from region to region; therefore, soil testing is required to identify suitable soil
for block production.

* Dry stacking (with interlocking features) is not common; sometimes, there is resistance from
end users.

* International or local standards regulating the production of soil-cement blocks are not
commonly available.

* There is reduced durability if not regularly maintained and properly protected, particularly in
areas with high humidity.

* They have low tensile strength and poor resistance to bending moments and thus may only be
used in compression.

* They have low resistance to abrasion and impact if not sufficiently reinforced or protected.

e There is an unawareness of the need to manage resources for environmental sustainability.

* There is ignorance of the basics for production and use.

8.1.5 Terminology, ‘blocks’ versus ‘bricks’

‘Bricks’ are rectangular blocks of a maximum standard size. Products that are larger
than the maximum size for bricks are called ‘blocks’. There is a slight variation in brick
standard size from country to country as shown next:

* United States: 203 x 102 x 57 mm (length x width x height)
e South Africa: 222 x 106 x 73 mm
e Australia: 230 x 110 x 76 mm

Typically, the number of brick units to produce 1 m? of single leaf wall is 60 bricks.
Normally, it takes only about 10 blocks to produce 1 m? of single leaf block wall.

8.2 Materials selection and block production

Material selection naturally begins with the identification of suitable soil for CSEB
production. This is followed by the selection of the stabilising agent and the production
processes. The process of manufacture of soil-cement blocks involves the following
steps: analysis and selection of the soil; sieving of the soil; preparation of the mix;
compaction of the blocks (manual or mechanised); and curing of the blocks.
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8.2.1 Materials for CSEB production

Soil on its own can be used for building construction; however, the resulting product
will need to be protected from moisture to avoid deterioration. The use of a bonding
agent to stabilise the soil results in considerable increase of the wet strength and
reduced permeability and improved erosion resistance of the final block product. Ma-
terials for the production of stabilised and compressed soil-cement blocks consist of
local soil and cement. Soil for block production is typically sourced from the site of
production. The soil should be free from organic material. In most cases it is normal
to remove the top 0.5 m of topsoil, which generally contains organic matters, and to
use the soil below that level. Soil properties vary from one location to another. It is
therefore necessary to standardise soil properties suitable for block production. Soils
contain particles of different sizes such as gravel, sand, silt and clay. Soil for use in
soil-cement block production is usually sieved with a 5-mm sieve to eliminate the
gravel particles. Sand and silt are inert materials, but clay is affected by moisture.
Sandy soils containing mostly nonexpansive clay minerals are the most suitable for
stabilised soil block production.

8.2.2 Soil identification and classification

A typical soil profile is shown in Fig. 8.2. There are broadly four different layers or
horizons, which consist of visually and texturally distinct layers. The topsoil layer con-
tains organic matter and is usually dark in colour. This layer is not suitable for stabi-
lised soil-cement block production due to its high content of organic matter. The
subsoil layer is an accumulation of iron, clay, aluminium and organic compounds
formed through a process referred to as illuviation. It is very sticky if it has high

Figure 8.2 Typical soil profile.
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Table 8.2 Soil particle grading

Material Ranges Particle size

Gravel fraction Coarse gravel 60—20 mm
Medium gravel 20—6 mm
Fine gravel 6—2 mm

Sand fraction Coarse sand 2—0.6 mm
Medium sand 0.6—0.2 mm
Fine sand 0.2—0.06 mm

Silt fraction Coarse silt 0.06—0.02 mm
Medium silt 0.02—0.006 mm
Fine silt 0.006—0.002 mm

Clay fraction Passes the 0.002 sieve

clay content. This layer is the most suitable layer for soil-stabilised block production.
The weathered rock horizon is the third layer, which consists of mostly large broken
rocks. This layer usually contains sandy soil that is easier to excavate. It is not suitable
for block production due to the size of the gravels and inadequate clay content. The
bedrock or parent rock material in bedrock landscapes is a layer of partially weathered
bedrock at the base of the soil profile. Unlike the layers above, bedrocks comprise
continuous masses of hard rock that cannot be easily excavated.

Soil particles obtained from the subsoil layer are broadly divided into three size
classes: clay, silt and sand, as shown in Table 8.2. Soil materials intended for CSEB
construction designates the basic material made up of carefully controlled proportions
of sand, clay and silt before any mixing with additive or with water. Basic soil particle
grading is shown in Table 8.2. Sand components with particle sizes larger than 2 mm
are classified as gravel and are generally omitted in the grading of the soil. Gravel is not
normally used in soil-cement block production as the large particle size results in poor
finishing.

Particles size analysis is used to determine the fraction of each particle size that falls
within each of the size ranges shown in Table 8.2. A well-graded soil will produce a
better packing of the particles resulting in a denser and less permeable product. The dis-
tribution of particle sizes that provides the optimum packing of particles is known as the
Fuller curve. It is based on the assumption that the smaller particles fill the void between
the larger particles to give the highest density. A soil may be considered well graded if
the distribution of particles from fine silt to coarse sand is reasonably uniform.

8.2.3 Soil identification and selection

Soil texture is defined as the relative proportions of each class (clay, silt and sand).
Sands give the material strength while clays bind it together and silt fulfils a less clear
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intermediate function. It is important to get the right texture for soil-cement block pro-
duction. Good soil-cement blocks can be produced with a sandy soil with clay content
between 5% and 20% and silt content of 5% to 25%. Blocks can be produced with
higher clay and silt content, but it may be necessary to determine the plasticity index
to see if the soil is suitable for block production. Generally, soil with clay and silt
portions below 10% will be difficult to handle when coming out the block-making ma-
chine. Soil with clay and silt content above 40% will need to be blended with a sandy
soil since stabilisation of the material with cement is less effective. Commonly used
methods to determine soil texture include hand texture method, separation by sieving
and separation by sedimentation.

Soil texture classification by sedimentation is carried out by adding a soil sample to
a dispersing solution of sodium hexametaphosphate (NaPO3)g in deionised water. The
sedimentation tests are based on Stoke’s law, which predicts the free fall of any diam-
eter spherical particle of known specific gravity in a fluid of known viscosity at low
concentration. It is assumed that the soil particles have approximately the same specific
gravity and that the rate of fall is dependent only on the particle size. The
larger-diameter particles (sand) fall more quickly and settle at the bottom of the jar;
then silt will settle out and finally a clay layer will form on top. Once settled
(Fig. 8.3), the relative percentages of sand, silt and clay may then be measured.
This test is easily carried out on work site.

The particle size analysis may be used to classify the soil sample into a specific
textural class, such as a sand, silt, clay, loam, etc. Soil texture depends on its compo-
sition and the relative portions of clay, sand and silt. The soil textural triangle shown in
Fig. 8.4 enables one to visually assess textural class based on the three percentage
values obtained through particle size analysis. The goal of the particle size analysis
may be to classify a soil sample into a specific textural class, such as a sandy clay,
sandy silt, clay loam, etc. based on the zone of the material in the textural triangle.

Figure 8.3 Settlement of soil
materials. a
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Figure 8.4 Soil textural triangle.

The major textural classes are shown in Fig. 8.4. The area within and about the circle is
cantered at around the sandy clay and sandy clay loam region in the textural triangle as
shown in Fig. 8.4 and indicates the zone most suitable for stabilisation. Soil properties
within the circle in the chart are almost universally available. They are found after
removing about 100—150 mm of the topsoil in order to exclude organic matter. Soils
are rarely found in the state required for block production. In most cases, they need to
be ground and screened through a 5-mm wire mesh.

Clay and cement make different contributions to the material properties of
soil-cement blocks; in fact, the two materials will work against each other if the
quantities are not carefully selected. Too much clay in the mix will result in the
cement not adequately coating all the mix particles and subsequent wetting will
cause expansion of the material and cracking. As a rule of thumb, the most suitable
soil for stabilised soil block production should contain approximately 30% to 40%
clay plus silt and 60% to 70% sand. Spence and Cook (1983) recommended the
following ranges for soil-cement block production: sand: 60—90%, silt: 0—25%
and clay: 10—25%.
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Figure 8.5 Diagram of texture for soil for CSEB production.
African Standards Organisation, 1996. Standards on CEB Construction: Compressed Earth
Block Masonry ARS 670: Part 4: Code of Practice for Production and Construction.

Not all soils are suitable for construction. Soil containing organic matter, highly
expansive soils, and soils containing excessive soluble salts such as gypsum and chalk
should be avoided in the selection of materials for soil-cement block production.

The African Standards Organisation standard ARS 670 of 2014 recommends that
the granular composition of the soil for CSEB production should preferably fall within
the limits of the shaded area on the diagram of texture in Fig. 8.5 and should be similar
in shape. The limits of the recommended shaded area are approximate. Soils with gran-
ular composition that fall outside the shaded area may still give acceptable results, but
it is recommended that they be subjected to a series of tests enabling their suitability to
be assessed.

The plasticity of the soil suitable for CSEB should preferably fall within the limits
of the shaded area of the diagram of plasticity in Fig. 8.6 for best results (ARS 670-4:
2014). Types of earth the plasticity of which fall outside the shaded area may still give
acceptable results, but it is recommended that they be subjected to a series of tests
enabling their suitability to be assessed.

8.2.4 Stabilisation of soil for CSEB production

Both stabilised (CSEBs) and unstabilised compressed earth blocks (CEBs) are appro-
priate for buildings and meet the requirements of international building code standards.
The durability of a properly designed CEB building will allow it to last for centuries.
Ancient earthen structures still stand today in many parts of the world, while in com-
parison the expected lifespan of wood frame buildings is about 70 years. CEBs are,
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African Standards Organisation, 1996. Standards on CEB Construction: Compressed Earth
Block Masonry ARS 670: Part 4: Code of Practice for Production and Construction.

however, vulnerable to moisture and the erosive effects of weather. Walls constructed
out of soil, if well-compacted, give environmental-friendly low-cost housing technol-
ogy with adequate compressive strength under dry conditions. However, they will lose
a large percentage of their dry strength under sustained moist condition. Alternating
wetting and drying will erode and deteriorate unstabilised soil materials. The African
Standards Organisation (ARSO, 1996) has published several guidelines and standards
for CEB construction. It is known that suction caused by shrinkage of water menisci
between particles in unstabilised clayey soil is the primary source of the strength (Hall
and Djerbib, 2004). Reintroduction of water tends to destabilise the bond created by
suction. Compressed earth construction without a stabilising agent results in structures
that are not durable and require regular maintenance. Fig. 8.7 shows earth construction
without a stabilising agent. The surface erosion of the wall is clearly evident. Residents
need to carry out regular maintenance by replastering the wall with clay material.

In addition to providing proper soil grading, durability and strength can be
improved by adding stabilisers or chemicals, resulting in a stabilised soil. A properly
stabilised, consolidated and well-graded soil that is adequately moisturised, mixed and
cured will provide a strong, stable, waterproof and long-lasting building blocks or
bricks. Stabilisers when introduced in soil will perform the following functions:

* Bind the soil particles together, making the product stronger.
* Reduce the amount of voids and therefore limit the water that can be absorbed by the stabi-
lised soil.
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Figure 8.7 Typical nonstabilised soil construction. (a) Weathering of nonstabilised earth
construction. (b) Fishing village in Tanzania.

African Standards Organisation, 1996. Standards on CEB Construction: Compressed Earth
Block Masonry ARS 670: Part 4: Code of Practice for Production and Construction.

* Reduce the shrinkage and swelling properties of the soil.
¢ Increase the tensile strength of the soil.

When a stabilising material is added to soil, it improves the engineering properties
of the soil as well as those of the resulting bricks and, ultimately, the lifespan of the
resulting structure. Different types of soil may require types of stabilisers. The most
common stabilising materials include cement, lime, a combination of lime and cement
and a combination of lime and pozzolans. When using cement as stabilisers, it is
important to cure the cement by keeping the block moist. This may mean watering
the bricks twice a day for a couple of weeks and covering the wall with plastic or leaves
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to keep the sun and wind off in order to limit evaporation. Cement hydration requires
water, so letting bricks dry too quickly, especially during the first week or two of
curing, may lead to inadequate hydration and strength development. Blocks without
stabilisers should also be dried in the shade to avoid excessive drying around the edges
which may cause cracking.

When mixing the stabilisers with soil, it is important to make sure they are mixed
completely, especially when using small amounts of stabiliser. Using a 3% cement:vol-
ume ratio takes a lot of mixing to get the cement distributed thoroughly. Soils are usually
stabilised with cement contents ranging from 4% to 15% by dry weight of the soil. Most
CSEB building projects were carried out with cement content of about 6% to 8%.

8.2.5 Types of stabilisers

Various materials are available for use in the stabilisation of soil-cement in construc-
tion. The most popular used stabilising agents are cement, lime, pozzolanic materials
or a combination. It is necessary to apply appropriate level of stabilisation as understa-
bilisation results in low-quality products. Overstabilisation through fear or ignorance
may result in wastage. The following are the most commonly used stabilising agents
for CSEB construction.

8.2.5.1 Cement

When cement is added to soil, there will be reduction in the following properties with
increasing cement content: the liquid limit, the plasticity index and the potential for
volume change. Cement enhances the compressive strength of CSEB by replacing suc-
tion with chemical bonding. However, the compressive and shear strengths are
increased with increased cement content. A variety of compounds and gels are formed
by hydration reactions of the cement in the presence of moisture. The products of
cement hydration are hydrated calcium silicates, hydrated calcium aluminates and hy-
drated lime. Calcium silicates and calcium aluminates are the main cementitious prod-
ucts, and the hydrated lime is deposited as a separate phase. The hydrous silica and
alumina slowly react with calcium ions liberated from hydrolysis of cement to form
insoluble compounds that harden on curing to stabilise the soil. The chemical reaction
equations are described by Umesha (2009). Soil stabilisation is mostly done with the
use of cement as the stabilising agent. Ordinary Portland cement (OPC) is mostly used
for stabilisation purposes and it works best with sandy soils. Stabilisation may be diffi-
cult if the clay content is very high. Generally the combined percentage of silt and clay
should not be less than 10% and ideally should not be more than 40%. The cement
content varies depending on the desired strength of bricks and type of soil, although
5% to 10% by weight of dry soil is most commonly used.

8.2.5.2 Lime

Hydrated lime (calcium hydroxide) is also used as a stabiliser. There are two basic
types of lime: high-calcium and high-magnesium lime. Their soil-stabilising efficiency
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is about the same. Lime will react readily with most plastic soils containing clay but
lime does not improve sands or other noncohesive granular materials. Lime makes a
good stabiliser for soil with clay content greater than 40%. It reacts with the clay to
form strong bonds between soil particles. The recommended amount of lime for stabi-
lisation ranges from 4% to 8% of the dry weight of soil. Soils ranging in plasticity in-
dex from 10 to 50 or higher are suitable for lime stabilisation. Lime stabilisation
decreases the plastic index and volume change and increases the compressive strength
of the soil material.

8.2.5.3 Combination of lime and cement

When a soil has clay content in excess of 40%, cement becomes less efficient as a sta-
bilising agent. A combination of lime and cement stabilisation is recommended. The
lime will make the soil easier to work with, and cement will help to improve the
strength and water resistance of the product.

8.2.5.4 Combination of lime and pozzolans

Pozzolans are materials that contain a significant amount of silica. Volcanic ash, pulv-
erised blast furnace slag, pumice and silica flour are examples of pozzolans. Lime and
pozzolan will react and make cement that may be almost as good as Portland cement.
The lime becomes the activator for the pozzolanic action. This can be used for both
clayey (>40%) and sandy (<10% clay) soils. This combination of stabilisers results
in a relatively low-strength blocks.

8.2.6 Material properties of CSEBs

The main material property requirements for CSEB are identified by the den-
sity, compressive strength of individual blocks, absorption, thermal conductivity
and compressive strength of masonry. Some of the characteristic properties are
described here.

8.2.6.1 Compressive strength

The compressive strength of compressed stablised earth building depends on the soil
type, type and amount of stabiliser and the compaction pressure used to form the block.
Maximum strengths are obtained by proper mixing of suitable materials and proper
compacting and curing. In practice, typical wet compressive strengths for CSEBs
may be less than 4 MPa and still meet the minimum requirements particularly for
single-storey buildings. The building block is designed to be about 20 times stronger
than the average stress under service conditions, which can be as low as 0.2 MPa in
single-storey structures (see Fig. 8.8). The South African standards (SANS 10164,
1996) recommend a minimum strength of 3 MPa for block units. British Standards
(BS 5628, 1978) recommend a minimum strength of 2.8 MPa.

Most standards prescribe a much higher minimum strength requirement for bricks
than for blocks. The reasons for permitting lower strength for blocks include greater
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Figure 8.8 Average loading on a typical single-storey wall.

robustness and increased dimensional tolerance in blocks. The average minimum
strength prescribed for brick products in most international standards is 7 MPa, while
the average minimum strength requirement for blocks is usually less than half of the
value for bricks. Since the average strength of CEBs and CSEBs are in the
low-strength range, it makes much sense to produce blocks rather than bricks. Where
building loads are small (eg, in the case of single storey constructions), a compressive
strength of 2—4 MPa may be sufficient for a building block. Many building authorities
around the world prescribe minimum values within this range for blocks.

8.2.6.2 Moisture volumetric strain

Most soils contain a fraction of clay as a part of their overall composition. Clay is the
finest of the soil particles and can bond other particles together if sufficient clay and
moisture is present. Clay has large volumetric expansion when water is added. As
the moisture in unstabilised soil increases, swelling occurs. Conversely, drying causes
shrinkage and therefore the danger of cracking. This process leads to the breakdown of
the soil and internal strength is lost making the material useless for building construc-
tion. The balance of clay with respect to the other soil components is important. On one
hand clay helps bond particles together and improves the fresh state workability. Yet if
a stabilising agent is not introduced, swelling of the clay can be instrumental in driving
the soil particles apart should the material get wet.

Proper block manufacture and construction methods, however, will reduce such
moisture-induced strain. It is worth mentioning that moisture-induced strain becomes
especially important when two materials with different swelling or shrinkage
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properties are used in a building. Differential movement results in stress, which may
break the bond between the materials or cause other damage. For example, cement ren-
derings often peel off earth walls or poorly compressed stabilised earth blocks because
of their different expansion properties. With experience many people can easily esti-
mate the correct moisture content for a mix on site. By moulding a lump of moist
soil material by hand and dropping it from 1 m above ground, the mode of scatter
on the ground determines the suitability of the material. If the drop test results in
the ball of soil shattering or breaking into seven or more pieces, then the soil is too
dry. If the ball breaks into four to six pieces, water content is suitable, while breaking
into three or fewer pieces indicates that the soil is too wet.

When a block machine compresses a block, it reduces the volume of the soil by up
to 30%. It does this by mechanical packing the moist clay particles in the spaces
between the larger sand particles, removing the air pockets and sticking the clay to
the sand. If too much water is introduced in the mix, the particles will be spaced
further leaving voids when the brick dries. If there is more clay than is needed to
fill the spaces between the sand particles, the block becomes weaker because clay
compresses more than sand, especially when wet. However, weaker earth walls
can be acceptable, as we know from the use of cob and adobe. Sand particles provide
strength and stiffness while the clay provides the bonding between particles as
well as the early-age strength required for handling the freshly compressed blocks.
Since clay will shrink or swell depending on the relative moisture content, it is neces-
sary to ensure that shrinkage is within allowable limits. A simple test for shrinkage
measurement is the Alcock’s linear shrinkage test (Houben and Guillaud, 1994)
shown in Fig. 8.9.

The test is performed using a wooden box, 600 mm long, 40 mm wide and 40 mm
deep. The inside surfaces are oiled before filling the box with moist soil having opti-
mum moisture content. The filled box is then exposed to the sun for a period of 3 days
or stored in the shade for 7 days. After this period, the shrinkage is measured as the
change in length of the original sample.

A suitable soil should give shrinkage less than the required limit. Minimal
shrinkage indicates that the soil material is too sandy and not suitable. Excessive
shrinkage is not suitable either. Table 8.3 gives the required shrinkage for dimensional
stability. The mode of shrinkage movement is different for sandy and clayey soils.
Sandy soils crack at intervals as they shrink (see Fig. 8.9). The mode for clayey soil
is indicated by an upward camber of the beam (Fig. 8.9). Typical shrinkage ranges
for CSEBs based on the standard sample dimensions are shown in Table 8.3.

8.2.6.3 Density and thermal properties of CSEB

Normally compressed stabilised earth blocks are denser than some concrete masonry
products such as aerated and lightweight concrete blocks but are slightly less dense
than conventional concrete products. The relative high density of CSEBs may be
considered to be a disadvantage when the blocks have to be transported over long dis-
tances; however, it is of little consequence when they are produced at or near the con-
struction site.
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Figure 8.9 Linear shrinkage tests. (a) Linear shrinkage test. (b) Crack pattern of linear shrinkage
test of sandy material. (c) Shrinkage of high clay content material (camber effect).

Table 8.3 Shrinkage limits to achieve dimensional stability

Shrinkage Strain Comment
<10 mm <1.7% Too sandy
20—40 mm 3.3—6.6% Recommended
>60 mm >10% Too clayey
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Due to their density, a generally CSEB has good thermal and acoustic properties.
This is particularly advantageous in hot dry climates where extreme temperatures
can be moderated inside buildings made of CSEBs.

8.2.6.4 Dimensional tolerance of CSEBs

As a guideline, a dimensional tolerance or limit on dimensional deviation should be
observed when fabricating soil-cement blocks. The following tolerances are recom-
mended by Boubekeur et al. (1998) for normal blocks. A stricter limit is recommended
for interlocking blocks since they are laid without mortar.

* 41 to —3 mm for length
* 41 to —2 mm for width
* 42 and —2 mm for height

Additionally, the difference between any two CEBs should not exceed:

* 3 mm in length
* 2 mm in width
* 3 mm in height

Recommended general limits on properties of CSEB materials are shown in
Table 8.4, and comparative properties of CSEB in relation with other materials are
shown in Table 8.5. It can be seen that CSEBs are normally produced at a lower
strength range compared with fired clay bricks and concrete blocks.

Table 8.4 Recommended limits for
properties of soil suitable for
CSEBs (Addis and Davis, 1986)

Property Limits (%)
Clay content 5—-20

Silt and clay content 20—-50
Sand content 50—80
Liquid limit 25-50
Plasticity limit 10—25
Plasticity index 5—30
Linear shrinkage <4
Cement content 5—-15

Total salts <0.5
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Table 8.5 Comparative properties of CSEBs

Material property CSEBs Fired clay bricks | Concrete blocks
Wet compressive 1-20 5—60 5-50

strength (MPa)
Density (kg/m®) 1700—2200 1400—2400 1700—2400
Thermal conductivity 0.81—-1.04 0.70—1.30 1.0—1.70

(W/m °C)
Resistance to weather Good to very poor | Excellent to poor Good to poor

8.3 Block production

CSEBs can be produced by hand or using machines. Machines can be manually oper-
ated or automated. Automated machines are usually used for bigger projects to manu-
facture blocks for use in low cost housing to upmarket estates, schools and commercial
structures or to start a block yard business in soil-cement blocks. The key input factors
that can influence the quality of produced CSEB are soil (type and proportions of main
fractions), stabiliser (type and content), mix-water (quantity), compaction pressure and
curing conditions.

8.3.1 Raw materials

Soil is the principal raw material for CSEB production. OPC and water are the other
two constituents required for the manufacture of soil-cement blocks. Sand and crushed
stone dust may also be added to the soil if the clay content is too high. Lime and
pozzolan cement are alternative soil-stabilising materials and may also be used. The
selection of a stabiliser will depend upon the soil quality and the project requirements.
Cement will be preferable for sandy soils (silt 4 clay < 40%) and to achieve a higher
early strength. Lime will be used for very clayey soil (silt + clay > 40%), but will take
a longer time to harden and give strong blocks. The most practical soils are those that
contain no more than 35% silt and clay and soil that are easily pulverised.
Fine-textured soils with 50% or more silt and clay are harder to pulverise and require
more cement to harden; a typical material selection with stabilising agent is shown in
Table 8.6. It is also possible to use a combination of cement and lime as soil stabiliser.

Table 8.6 Typical material mix proportion

Soil texture Stabiliser
Sand (%) Silt (%) Clay (%) (as % of soil)
65 15 20 Cement (3—20)
45 20 35 Lime (2—8)
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8.3.2 Soil preparation

The main source of soil will be to dig it out of the ground. It will therefore be removed
in dense lumps, which will have to be broken up into loose particles. Soil particles will
generally be rounded due to the natural illuviation processes. Secondary crushing tech-
niques are generally not practiced in developing countries because of the high cost of
the heavy machinery and energy required to crush large aggregate into smaller angular
particles.

The soil lumps as dug up from the borrow pit contain various grain sizes, from very
fine dust up to pieces that are still too large for use in block production. For the pur-
poses of soil-cement building materials, particles over 5 mm are considered too large
and should be removed. By eliminating the gravel, the soil is left with rounded parti-
cles in the size range for clay, silt and sand. The oversized material should be removed
by sieving. The sieving operation is intended to eliminate all undesirable components
(roots, leaves, etc.) together with any components with a diameter greater than
required. This operation also enables soil lumps to be loosened in a uniform manner.

The usual sieving device is a screen made from a 5-mm wire mesh, nailed to a sup-
porting wooden frame and inclined at approximately 45 degree to the ground as shown
in Fig. 8.10. As the material is thrown against the screen, fine materials pass through
and the coarse, oversized materials run down the front and are collected and removed.
A horizontally suspended screen could also be used but this method is less effective as
the larger particles accumulate on the screen and require frequent removal.

For uniformity of the CSEBs produced, the weight or volume of each material used
in the block-making process should be measured at the same physical state for subse-
quent batches of blocks. The volume of soil or stabiliser should ideally be measured in

Figure 8.10 Sieving process of soil.
African Standards Organisation, 1996. Standards on CEB Construction: Compressed Earth
Block Masonry ARS 670: Part 4: Code of Practice for Production and Construction.
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dry or slightly damp conditions. It is advisable to mix sufficient materials to allow for
1-h production output of the block-making equipment. The time between mixing of the
cement and water and the final finishing is an important factor in the compaction of the
mixture. Remixing the materials after about 2 h or more breaks the cementitious bonds
through the compacting process and therefore the compacting of the mixture should
normally take place before the soil-cement mix passes this critical period.

8.3.3 Batch quantities for CSEB production

The soil-cement mix quantities are determined on the basis of dry weight of soil.
Assuming the soil meets all texture requirements for soil-cement mix, only about
5% cement is required to produce blocks of 3- to 4-MPa strength. Typical mix require-
ment as may be communicated to site workers operating the equipment is described
next. Unlike in concrete mix design, it is difficult to prescribe water content. Water
is generally added to the soil-cement mix until it reaches the desired consistency,
which varies according to the soil particle size distribution (Hall and Djerbib, 2004).
The water content could be based on the optimum water requirement for compaction.
Usually, stiff mixes with low workability are produced. Water is usually added until a
humidity level is obtained that will allow the operator to make a ball of the material in
the hand. However, the hand should not be wet after making the ball. The drop ball
assessment could also be done on site. Typical mix ratios of soil and cement for the
production of 4- to 8-MPa blocks are as shown in Table 8.7.

8.3.4 Mixing of materials

Mixing can be done manually using shovels or a mechanised mixer. It is important to
begin with dry mixing for about 5 min and then to wet the mix evenly by sprinkling
(with a watering can) or using a fine spray. Wet mixing should take about 3 min.
The mixer can be filled using either buckets or measuring boxes which have to be
emptied by hand, or using a sloping ramp for wheelbarrow access, or, for large produc-
tion units, through measuring hoppers as shown in Fig. 8.11.

Formation of lumps of soil during mixing (generally during wet mixing) must be
avoided as these are difficult to compact. Lumps can form if the moisture content is
too high and/or if the mixing time is too long or if an inappropriate style of mixer is

Table 8.7 Typical components for soil-cement production

Recommended
Target brick strength cement content Cements (parts) Soil (parts)
3—4 MPa 5% cement %1 %20
5—6 MPa 6% cement x1 x16
7 MPa 8% cement x1 x12
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Figure 8.11 Soil-cement mix being loaded into the hopper.
African Standards Organisation, 1996. Standards on CEB Construction: Compressed Earth
Block Masonry ARS 670: Part 4: Code of Practice for Production and Construction.

used. It is advisable to use the optimum moisture content as determined by proctor test.
Experienced operators can estimate the required water content with reasonable accu-
racy. However for soils with high clay content, the moisture content should be slightly
higher than the optimum and for sandy soils, it will be slightly lower than the optimum
(Kawamura and Kasai, 2011).

The freshly produced blocks are usually strong enough to be handled immediately
as shown in Fig. 8.12.

aa

Figure 8.12 Handling and temporary stacking of freshly produced block.
African Standards Organisation, 1996. Standards on CEB Construction: Compressed Earth
Block Masonry ARS 670: Part 4: Code of Practice for Production and Construction.
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8.3.5 Manual and mechanised production

The soil-cement mix is put into the press chamber for block production. When a force
is applied to the soil-cement mix, the material is compressed and the proportion of
voids decreases and the density of the material increases. The more the density of
the soil can be increased the lower its porosity will be. Moisture content must not
be too high. Optimum moisture content may be determined using the proctor test.
The Proctor compaction test (ASTM D698-12, 2012) is a laboratory geotechnical
testing method used to determine soil compaction properties. The Proctor test shows
the relationship between optimum moisture content and optimum dry density for a
given amount of compaction energy. The optimum moisture content decreases with
increasing compaction force. A typical proctor curve is shown in Fig. 8.13.

The optimum water content is the water content that results in the greatest density
for a specified compaction force. Compacting at water contents higher than the opti-
mum water content may result in a relatively dispersed soil structure (parallel particle
orientations) that is weaker, more ductile, less pervious, softer and more susceptible to
shrinkage.

The production equipment can either be manually operated or mechanised. For
manual operation, the Ram consists of a box or mould which is filled with damp
soil-cement, and a lever-actuated piston that compresses the earth-binder mix. Once
the mould has been loaded with the proper amount of material, the machine’s operator
forces its long handle down with a pressure of 30—45 kg force; this translates to a pres-
sure of about 4—6 MPa of pressure on the soil that is being compressed. The force clas-
sification of the pressure potentially available to compact the soil is given in Table 8.8.
Most mechanised presses are programmed to produce blocks with 10 MPa pressure, in
the high pressure range.

A

Maximum dry unit weight

Dry unit weight

/ Optimum water content

Water content

Figure 8.13 Sketch of proctor test result.
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Table 8.8 Classification of usable compaction
pressure CSEB production

Very low pressure 1—2 N/mm?>
Low pressure 2—4 N/mm?*
Medium pressure 4—6 N/mm>
High pressure 6—10 N/mm?
Hyperpressure 10—20 N/mm?
Megapressure >20 N/mm?

The brick formed by this procedure is then ejected, set in a cool place and left to
cure for up to 3 weeks. The first modern version of the manual press is known as
the CINVA Ram press and was developed in 1956 in Columbia by Paul Ramirez
(Wheeler, 2005). Fig. 8.14 shows a sketch of the CINVA Ram press. Many modifica-
tions have been made to the original design by various manufacturers depending on the
type, size and geometrical variations of block. Automation of the system has also been
introduced for industrial line production. However, for smaller and rural locations,
manually operated presses are most commonly used due to their mobility, low initial
cost and ability to be used without a source of electricity or fuel.

Though not technically difficult, making construction blocks with a manual press or
ram is a labour intensive operation and the amount of pressure exerted on the handle is
not usually uniform as it is dependent on the operator at a given time. Four adults
working in an organised assembly line with the aid of a manual cement mixer can pro-
duce only about 50 blocks an hour. With a mechanised press (see Fig. 8.14), about five
times that amount can be produced with the same number of workers.

Figure 8.14 Typical presses for compressed soil-cement production. (a) Typical manual press.
(b) Portable mechanised press.
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Several companies currently manufacture their own version of compressed earth
block press with or without interlocking system. Some of the manufacturers are as fol-
lows and images of their products are shown in Fig. 8.15:

1. Azar dry-stack blocks (Fig. 8.14(a)): The Azar block was originally developed in Canada and
can be interlocked both horizontally and vertically.

2. Stumblebloc Mortarless System (Fig. 8.14(b)): Stumblebloc is hollow core block that reduces
heat transmission and has connections at the top and bottom to vertically interlock and form
corners (Stumblebloc, 1990).

3. The CVBT block system (Fig. 8.14(c)): The design of the Soeng Thai BP6 press is based on
the original CINVA Ram press (Wheeler, 2005). The BP6 is a manually operated vertical
block press manufactured by the CVBT in Thailand. The interlocking dowels are intended
to provide ease of block alignment during construction and resistance to lateral in and
out-of-plane forces. The round reinforcement holes are provided to allow use of grouted ver-
tical reinforcement. The rectangular holes or grout channels are provided to help ensure wall
stability and good load distribution.

4. The Hydraform dry-stack block (Fig. 8.14(d—f)): This system consists of a tongue-and-
groove system produced by Hydraform Africa. The Hydraform system will be used as a
case study in the presentation of the behaviour of dry-stack interlocking blocks. A typical
machine for block production is the Hydraform block machine (see Fig. 8.15). The Hydra-
form block-making machines hydraulically compress soil (earth), mixed with cement into
solid blocks. Hydraform machines are ideal for remote sites where transport, cement and
sand costs are high. They are equipped with diesel generators for areas with no electricity
as well as wheels for attachment as trailers to vehicles. The Hydraform interlocking block
presses are manufactured by Hydraform Africa in Johannesburg, South Africa (Agrément
South Africa, 1996; Hydraform, 1988). Different press models are available for different
budgets and types. The structural performance of masonry buildings using Hydraform
interlocking CEBs has been investigated and reported by Uzoegbo et al. (Ngowi and
Uzoegbo, 2005; Uzoegbo and Ngowi, 2003, 2004; Uzoegbo et al., 2007; Uzoegbo and
Senthivel, 2009). The Hydraform block system is designed to be mostly dry stacked.
Hydraform dry stacking blocks are commonly used as infill for confined masonry struc-
tures but can also be as full load-bearing walling system. Different interlocking block de-
signs including the Hydraform block are also shown in Fig. 8.15.

8.3.6 Curing of CSEBs

Stabilised soil blocks must be kept in a humid environment for at least 7 days after
production. The surface of the blocks should not be allowed to dry out too quickly,
as this causes shrinkage cracks. The blocks must be sheltered from direct sun and
wind and kept in conditions of RH exceeding 80% by covering them with water-
proof plastic sheets as shown in Fig. 8.16, ideally for up to 21 days. After
28 days, there will be no further significant increase in the strength. High temper-
atures combined with high humidity gives the best results. Covering with
black plastic sheeting helps retain the temperature inside the curing chamber. To
illustrate the effect of curing temperature, it has been shown that blocks cured
for 7 days at 40°C will be about 1.5 times stronger that blocks cured for 7 days
at 20°C (Rigassi, 1985).
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Figure 8.15 Different types of interlocking blocks. (a) The Azar interlocking block system.
(b) The Stumblebloc dry-stack system (http://www.sapropertynews.com/interlocking-
concrete-block-system-makes-building-easy/). (c) Soeng Thai BP6 interlocking block. (d)

Hydraform interlocking block. (e) Hydraform block with reinforcement groove. (f) Hydraform
CSEB dimensions.



http://www.sapropertynews.com/interlocking-concrete-block-system-makes-building-easy/
http://www.sapropertynews.com/interlocking-concrete-block-system-makes-building-easy/
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Figure 8.16 Curing of CSEB in a block yard. (a) Newly produced blocks are sprayed with water
in preparation for curing. (b) Blocks are covered with black plastic sheeting.

Hydraform, 1988. Building Breakthrough — Product Information. Hydraform Africa,
Johannesburg.

Freshly moulded blocks are fragile and cannot be stacked. A specific area close to the
machine is normally provided for wet curing requiring minimal handling or transporta-
tion to avoid damage to the blocks. The blocks can be handled after 2 days’ curing. The
curing areas therefore need to be able to hold the equivalent of 2 days’ production.

8.4 Strength evaluation of block units and masonry

8.4.1 Key features of interlocking units

Interlocking blocks are like two adjoining pieces of in a jigsaw puzzle. The main
design feature is that each block has a projection at one end and a depression at the
other. The projection of one block fits in to the depression of the next such that the
blocks align. The blocks can be manufactured with or without holes in them. Hollow
blocks usually have vertical holes, which reduce the amount of material required to
make the block without compromising on strength. Steel rods can be inserted or mortar
poured into the holes to increase the building’s strength and stability. Horizontal
groves may also be provided for horizontal reinforcement, especially in earthquake-
prone areas.



232 Nonconventional and Vernacular Construction Materials

The advantage of hollow interlocking CSEBs, compared with hollow concrete
blocks, is that the interlocking keys provide greater resistance to both in- and
out-of-plane shear and buildings are therefore stronger without the need for reinforcing
materials. Interlocking block walls can resist earthquakes without major damages
where normal masonry may experience major damage. Each dry joint allows both
rocking and some sliding movement, allowing the structure to absorb shocks due to
low-level earthquakes.

8.4.2 Construction using CSEBs

The main construction principle is to confine every panel of dry-stack (unbonded)
masonry within boundaries of bonded masonry strips or columns and beams. A typical
section through a wall is illustrated in Fig. 8.17. The base course is bonded with mortar
up to one course above the floor level. The middle courses are dry-stack up to lintel
level. The top three courses are again bonded with mortar to form a ring beam at
the top of structure as shown in Fig. 8.17. Alternatively, a reinforced concrete ring
beam could be cast at the top. A typical example of the confinement principle in
dry-stack masonry construction is shown in Fig. 8.18. Some houses in South Africa
built with the Hydraform dry-stack interlocking CSEB system are shown in Fig. 8.19.

CSEB will lose strength under sustained wet conditions. It is therefore recommen-
ded to use normal concrete in foundations as the materials below ground are expected
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Figure 8.17 Cross section of construction using the dry-stack masonry.
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Figure 8.18 Typical elevation details of interlocking wall systems.

e :
Figure 8.19 Examples of Hydraform dry-stack interlocking CSEB system. (a) Double-story
building in Johannesburg using CSEB interlocking system. (b) House construction with
confinement of the dry-stack masonry units.

to be wet especially during the wet seasons. Alternatively, higher-strength masonry
units could be used at the base to account for possible loss in strength due to moisture
in the soil. Examples of CSEB houses on concrete foundations are shown in Fig. 8.20.
The CSEB material starts from about 0.5 m above ground level. The best practice for
CSEB is to keep it permanently dry.

8.4.3 Dry-stacking of masonry

Dry-stacking is an ancient form of stone masonry construction that has existed in
Africa and other parts of the world for centuries. The Egyptian pyramids constructed
over 5000 years ago were based on dry-stacking of large stone masonry. Dry-stacking
of masonry is a construction method in which most of the masonry units are laid
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Figure 8.20 CSEB wall and foundation construction. (a) Concrete foundation. (b) Stone
masonry foundation. (c) Conventional masonry base with interlocking CSEB superstructure.
(d) Foundation and superstructure in CSEBs with higher-strength blocks at base.

without mortar. The construction usually depends on interlocking mechanism of
the blocks for stability. The absence of a bonding agent in the joints between
masonry units makes the wall structure flexible and assists in alignment during con-
struction. The construction of curved walls, as shown in Fig. 8.21, is easily
accomplished with the use of dry-stack technology. The interlocking blocks accommo-
dates more movement than conventional masonry and enables the construction of
curved shapes.

The external walls of the great Zimbabwe ruins (Fig. 8.22), built around 400 AD as
the capital of the ancient Shona Kingdom (Walker et al., 1991), were made of
dry-stack granite stone masonry. The complex consists of 12 groups of buildings
spread over about 5 km?”. Existing structures from the ruins are a great tourist attraction
in Zimbabwe.

Lessons learnt from the behaviour of the ancient dry-stack structures were applied
in designing modern dry-stack masonry construction. Some of the problems experi-
enced in ancient dry-stack masonry structures are described next:

* Toppling of masonry units: The masonry units depend on friction and the interlocking mech-
anism between the rough surfaces for proper bonding. The top units do not have the critical
mass to develop adequate friction and will therefore topple at a small disturbance.
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Figure 8.21 Dry-stack interlocking block masonry enables the construction of curved walls.
Photograph: Head office building of Hydraform South Africa.

-t

* Bulging of wall panels: Sections of the stone walls which retained earth on one side have
bulged outwards due to active earth pressure. The bulging generally occurs between the
ground level and mid-height, due to a reduction in friction between the units caused by
the penetration of clay/silt materials at the block interfaces. A monitor of movement of
the Zimbabwe ruins conducted by Walker et al. (1991) revealed a peak movement of
0.3 mm per week.

* Lack of arching action: Arching action is present in masonry walls when there is an opening
and sufficient wall width on either side of the opening to resist the arch resulting thrust. A
lintel is required to support the weight of the wall material above the opening. When arching
action is present, the weight that must be supported is only the weight of material within the
triangle formed at a 45 degree angle as shown in Fig. 8.23(a). Dry-stack systems
(Fig. 8.23(b)) do not have the benefit of arching action and therefore must always be
designed to support the entire load above the opening.
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Figure 8.23 Effect of openings in dry-stack masonry. (a) Effect of arching action: lintel to
support load within 45 degree angle. (b) Dry-stack stone masonry with no arching action: lintel
must support all load above it.

8.5 Strength evaluation of block units and
masonry walls

Compressive strength evaluation is the primary method of assessment of masonry for
compliance with material and construction requirements. It is generally accepted as a
key value for design of structures. Masonry units generally have rectangular sides and
are designed with ‘match box’ configuration. This enables tests to be carried out on
masonry units using flat platens and strength results are easily obtained. Interlocking
blocks are usually designed differently and therefore require special attention to the
method of strength assessment.

8.5.1 General features of the Hydraform interlocking blocks

The interlocking blocks used as a case study in this chapter are developed by Hydra-
form Africa Pty and are produced by mixing soil and cement in predetermined ratios
extruding them vertically under a pressure of about 10 MPa using a hydraulic powered
machine (Fig. 8.13(b)). The blocks are shown in Fig. 8.13(d—f). The resulting wall
system uses 37 blocks/m* of wall requiring 0.5 m® soil and approximately one-third
of a bag of cement. Views of a stacked wall are shown in Fig. 8.24.

8.5.2 Strength evaluation of Hydraform blocks: a case study

Compression strength evaluation of block units described in this section is based on
Hydraform interlocking block system. Each interlocking system is unique and requires
specific development of strength assessment methods.



Dry-stack and compressed stabilised earth-block construction 237

Figure 8.24 Front and side
views of stacked blocks.

8.5.2.1 Methods of compression strength evaluation

Compressive strength is accepted as the universal measure of quality of masonry units.
Other properties of the material such as durability tend to follow the trends of strength.
Due to the irregularity of the surfaces of interlocking block units, each type of block
needs to be independently studied to determine the most suitable method of testing.
For the Hydraform blocks, compression tests were carried out using four different
testing arrangements as shown in Fig. 8.25: (1) capped arrangement, (2) loading on
block shoulders, (3) application of central loading on block and (4) testing of cubes
cut from the units. The tests were conducted for samples cured under three different
humidity conditions: air-dry, oven-dry and wet conditions. The typical failure mode
for each loading arrangement is also shown in Fig. 8.25.

8.5.2.2 Capping arrangement

Capping is the preparation of the ends of the specimens in order to ensure that the spec-
imens have smooth, parallel, uniform bearing surfaces that are perpendicular to the
applied axial load during compressive strength testing. This method of testing is pre-
scribed by most standards. The main purpose of the compressive strength test is to
simulate the actual strength that masonry can withstand in the field. However, capping
the masonry will simulate the behaviour of the CSEB bonded with mortar. The spec-
ified capping material to be used is high strength gypsum cement. In order to obtain flat
bedding for compressive strength tests, the block unit is capped as shown in Fig. 8.26
(1). The test was then conducted as a conventional concrete block.

8.5.2.3 Loading on block shoulders

In this arrangement, a loading platen was designed such that the load path under
normal service condition is simulated. The load was applied directly on the shoulders
of each block as shown in Fig. 8.25 (2).
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Method of load Loading arrangement Mode of failure
application

1 Load applied
to full cross-
section

P2 P/I2
2 | Load applied ' .

on shoulders of
block

4
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4 - I

Figure 8.25 Different loading arrangements for compression test.

3 | Load applied to
grove or tongue
of block

Figure 8.26 Hydraform block with cubes cut from a block.
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8.5.2.4 Direct flat loading on block

Another method of testing involves the use of a flat steel plate as the loading platen
both at the top and bottom of the block as shown in Fig. 8.25 (3). This method at
best simulates the loading of only the bottom blocks of a wall system. A hard board
was used to uniformly distribute the load on the ‘tongue’ as shown in the figure.
The failure mode for this method of testing is described by two vertical shear cracks
that divide the block in three separate units at failure (Fig. 8.25 (3)).

8.5.2.5 Testing of cubes cut from blocks

To investigate the uniformity of the strength distribution within the block and to obtain
control strength for the verification of other testing methods, 100-mm cubes were cut
from full-scale blocks and tested. Up to four cubes can be obtained from one block.
The block is shown in Fig. 8.26 as extruded from the production machine with four cubes
cut from a block. The compressive cube tests indicate a failure mechanism characterised
by vertical and x-cracks similar to those from the concrete cube compressive test.

A relative failure load for each loading arrangement with the cube strength as stan-
dard is shown in Fig. 8.26. By testing samples from the upper and lower part of the
CSEB as extruded from the press the uniformity of strength was investigated. It was
observed that when compaction was applied only in one direction (upwards), the bot-
tom part of the block was about 10% stronger than the upper part. This nonuniformity
can be eliminated by pressing from both top and bottom. Some machines are already
designed to do that.

8.5.3 Factors affecting the strength in compression of CSEBs

Tests have shown that it is mainly the compression applied during production that is
responsible for the improved compressive strength of a CSEB in relation to handmade
‘natural’ adobe. The key factors affecting the strength of CSEB are described next.

8.5.3.1 Effect of clay content

The 28-day compressive strengths of blocks stabilised with 8% cement content at
different clay contents is illustrated in Fig. 8.27. It shows that as the clay content in-
creases the compression strength is increasingly compromised. This is due to interfer-
ence of clay in the hydration processes of the cement in the mix (Walker, 1995). It is
also observed that with an increase in the clay proportion the ratio of the wet to dry
strength decreases. Higher clay content increases the block’s affinity for water. Clay
also expands with water, loosening the existing cement—gel—sand matrix, effectively
reducing the strength of a block.

8.5.3.2 Effect of cement content

Tests to investigate the influence of cement stabiliser on the strength of CSEBs were
carried out. The clay contents of the mixes were maintained at 25% while varying the
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Figure 8.27 The 28-day strength at different clay contents.

(a) 7.5% clay
(b) 8.5% clay
(c) 15% clay
(d) 25% clay

cement content. Fig. 8.28 shows that the strength of CSEB increases markedly with
cement content and that, for this mix, 12% cement is sufficient to meet the minimum

required strength (Uzoegbo et al., 2004).

The wet/dry strength ratio increases with increasing cement content. The more
cement in a mix, the more soil-cement paste is produced, covering more clay particles,
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Figure 8.28 28 Day strength at different cement contents.

(a) 3% cement
(b) 5% cement
(c) 8% cement
(d) 12% cement
(e) 16% cement
(f) 20% cement
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and reducing the proportion of uncemented clay particles. This in turn reduces the
porosity and water absorption properties of the block (Walker, 1995). Effectively
with increases in cement content, the availability of water for clay is reduced and
the clay has insufficient moisture to expand and weaken the cement-soil paste.

8.5.4 In-plane and out-of-plane tests on interlocking
dry-stack walls

Applied loading on a wall structure are usually classified into in-plane loading and
out-of-plane loading for the design of masonry structures and each type of loading ana-
lysed separately. In-plane loading is mainly due to gravity loads while out-of-plane
loading is due to horizontal loads such as wind and earthquakes.

8.5.4.1 Compression tests on dry-stack masonry wall
(in-plane loading)

The wall panel compression test can be carried out on full-scale wall or on scale model
wall consisting of four or more courses. At the ultimate limit state, cracks appeared on
the faces and edges of the specimen (Fig. 8.29). The line of cracks running vertically
along the edge of the interlocking groove is similar to that experienced by the block
unit when loaded at centre (Fig. 8.24 (3)). This failure mode suggests that the block
units have failed by shear before they can develop their full compressive capacity. Fail-
ure in low-strength unit walls was characterised by a local crushing of the top courses
as shown in Fig. 8.29. The weakest sample (made with 3-MPa blocks) failed in this
manner, by the crushing of the top courses which are in direct contact with the loading
platen.

Loading platen

Local crushing
at top of
masonry

4 mm tolerance

=%

——Contact area

i

Figure 8.29 Failure modes for different strength of material. (a) Wall plane view: failure line.
(b) Top crushing failure in low-strength material.
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Figure 8.30 Wall panel results in compression.

Standard tests conducted on the Hydraform dry-stack masonry showed that there is
an approximately linear relationship between the strength of the block unit and the
strength of the masonry (wall strength) in compression. A typical result is shown in
Fig. 8.30. The tests were performed a full-scale wall panel 3 m wide and 2.5 m high.

8.5.4.2 Behaviour of conventional masonry wall
under lateral load

A standard conventional concrete masonry wall with three sides fixed and the top free
to deform out-of-plane when subject to lateral (out-of-plane) uniform increasing load
on one side will display a typical inverted Y-crack pattern as shown in Fig. 8.31. At the
ultimate limit state, such walls are characterised by sudden failure. Fig. 8.31 shows a
load-deflection plot of a typical conventional masonry wall subject to uniform horizon-
tal loading. The load-deflection curve shown in Fig. 8.31 describes a brittle mode of
failure.

8.5.4.3 Behaviour of dry-stack masonry wall under lateral load

Due to the tolerance between the interlocked units, it follows that when no precom-
pression forces are applied, there are unavoidable free translations and/or rotations un-
til the interlocking mechanisms are developed. In addition, there is no tensile resistance
(or bonding). Thus, the deflection under a small load may be fairly large compared
with that observed in conventional masonry. When the deflections due to such free
movements exceed a serviceability limit state, the resulting interlocking mechanism
may have little remaining structural integrity. Fig. 8.32 shows the typical mode of fail-
ure of dry-stack masonry under lateral loading. The failure is characterised by gradual
deflection with increased lateral load. This was accompanied by the gradual opening of
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Figure 8.31 Behaviour of conventional masonry construction. (a) Typical failure mode for
conventional masonry. (b) Typical load-deflection curve for a conventional masonry subject to
lateral loading.

the bed joint above the mid-section (between the loading points) stretching across the
entire length of the specimen. At the failure load, the maximum opening of the bed
joints due to the rotation of the units along vertical axis resulted in the sliding of the
units out of the interlocking positions. The specimen continued to deflect with decrease
of lateral pressure allowing further rotation of the wall until failure.

The crack pattern in the wall is shown in Fig. 8.33. If the dry-stack interlocking
block masonry is plastered, the failure pattern is more clearly defined as it is similar
to that of conventional wall as shown in Fig. 8.32.
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Figure 8.32 Behaviour of dry-stack masonry under lateral load. (a) Out-of-plane load response of
dry-stack walls. (b) Typical load-deflection curve for dry-stack masonry subject to lateral loading.
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Figure 8.33 Typical crack patterns in dry-stack masonry construction. (a) Crack pattern of
unplastered dry-stack masonry under lateral loading. (b) Plastered dry-stack wall crack pattern.

The differences in load-deflection behaviour of conventional and dry-stack systems
are shown in Fig. 8.34. It can be seen that for block units of the same strength, con-
ventional masonry will give higher strength but lower ductility. In fact the lateral
load capacity for the dry-stack system for the Hydraform interlocking system is about
60% of the lateral strength of conventional masonry of the same block unit strength.
This result should not be considered a universal conclusion as every interlocking sys-
tem has its own unique characteristics.

Comparison of load deflection (conventional vs dry-stack masonry)
6.00 I

: - i
5.00 N\ ] S
! \ I l T

T
NN

4.00 -

. ..
T
T —

-+ ——Conventional
————a—8—@ | masonry

3.00 !
| —#—Dry-stack

2.00

Load capacity (kPa)

TT———

1.00 -

| |
0.00 f- ! ‘ 7 ! . |
0 20 40 60 80 100 120
Deflection (mm)

Figure 8.34 Comparison of behaviour of the two masonry types under lateral load.
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8.6 Durability of CSEBs

8.6.1 Durability of stabilised soil blocks

Durability is the ability to last a long time without significant deterioration and
requiring minimum maintenance. It is an important factor in assessing the sustainabil-
ity of a material. A durable material helps the environment by conserving resources
and reducing waste and the environmental impacts of repair and replacement. Due
to the unstable nature of clay as a building material, it is important to study the dura-
bility of CSEBs. Different structures require different degrees of durability depending
on their exposure environment and the properties desired. In the Indian standards (IS
1725—1982), two methods of durability testing are recommended:

e Water absorption: After immersion in cold water for 24 h, water absorption shall not be more
than 15%.

* Weathering: The maximum loss in weight following a standard weathering test shall not
exceed 5%.

There are many methods of durability assessment for CSEB. Two of the test
methods are described below.

8.6.2 Abrasion test (wet/dry durability)

The wet/dry durability test is a form of abrasion testing that simulates the abrasive
effects of water and wind driven erosion on a wall structure. The test is carried out
with a stiff wire brush (Fig. 8.35); which is used to brush the blocks cyclically after
intermittent drying and wetting periods. The average results from a minimum of three
tests are accepted. Blocks are initially oven dried at £70°C (for 19 h) or until a constant
dry mass is achieved. The initial oven dried mass is recorded before any brushing com-
mences. Brushing of blocks is to take place with an applied normal force of 13.5 N. The

Figure 8.35 Oven-dried block and wire bristle brush.
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Figure 8.36 Sorptivity test.

blocks are to be brushed with two firm strokes of the wire brush over all surfaces. The
percentage mass loss after 12 cycles of wetting, drying and brushing is a measure of the
abrasion resistance. The abrasion coefficient (C,) expresses the ratio of the brushed sur-
face S (in cm?) to the mass of the material detached by the brushing (in grams).

8.6.3 Water absorption by capillarity rise (sorptivity)

Sorptivity, or capillary suction, is the transport of liquids in porous solids due to surface
tension acting in capillaries. It is a function of the viscosity, density and surface tension
of the liquid and the pore structure (radius, tortuosity and continuity of capillaries) of the
solid. A CSEB is a porous material that interacts with the surrounding environment. The
durability of a construction material such as concrete or CSEBs is largely dependent on
the transport of fluid through it. Permeability is a measure of a material’s ability to trans-
port fluid. Sorptivity is a material’s ability to absorb and transmit water through it via
capillary suction and provides an engineering measure of microstructure and properties
important for durability. Sorptivity is increasingly being used as a measure of concrete
resistance to exposure to aggressive environments. Uptake of water by unsaturated,
hardened CSEB may be characterised by sorptivity. The water sorptivity test is a uni-
directional absorption test. A 68-mm-diameter core is coated around its circumference
with epoxy (Fig. 8.36) and placed in a tray with solution of water and Ca(OH); in order
to measure the rate of water uptake into the cylinder by capillary rise. The quality of the
CSEB is assessed based on the values in Table 8.9.

Table 8.9 Interpretation of sorptivity results

Durability class Sorptivity (mm/+/h)
Excellent <6

Good 6—16

Poor 12—15

Very poor >15
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8.7 Conclusions

The processes of production and use in construction of interlocking blocks made with
CSEBs have been described and presented in this section. A summary of notable
aspects of the selection of materials, production of CSEB construction and general
structural behaviour is presented.

The production of CSEBs utilises locally available soil, thus helping to develop the
local economy rather than investing on imported materials; there are savings in fuel
and replacement parts, thereby reducing transportation costs. The soil used is generally
subsoil, leaving the topsoil for agriculture. Building with local materials provides a
more sustainable employment for local people. CSEB production does not require
kiln-firing; therefore, production of CSEBs reduces carbon emission and the consump-
tion of nonrenewable resources. Soil-cement blocks are usually two to three times
larger in size than normal burnt clay bricks; consequently, the number of joints in a
wall panel is reduced and construction is faster. CSEBs are the ideal construction ma-
terial for low-cost housing projects.

A careful selection of soil is needed for CSEB production. Natural soil properties
such as texture, plasticity and shrinkage have been shown to be related to the degree
of suitability of soil for stabilisation. Optimum composition of soil for CSEB is made
up of approximately 70% sand and 30% silt and clay. The clay content should not be
less than 10% or more than 40% of the soil. High clay content results in lower strength,
less stable product and high cement demand. Low clay content presents handling prob-
lem at early ages as sand does not have bonding property when dry; the addition of clay
binds the sand to maintain the shape of the block. To get clay to stick together well, it
must first be saturated with water.

Most soils that are free from vegetable matter can be satisfactorily stabilised with
cement, lime, or cement and lime. Compliance with the acceptable range for linear
shrinkage and plasticity index are the best indicators for the suitability of soil for
CSEB production. The textural classification of the soil is also an important factor
in soil characterisation. Soils with linear shrinkage less than 6% and plastic index
less than 30 are considered good for CSEB. Minimum cement content for soil stabili-
sation is 5% in order to produce CSEB in the strength range of 3—5 MPa.

There is no standard or prescribed water content for CSEB production as the water
demand is highly influenced by the type and ratio of clay and silt in the mix. However,
low workability range is recommended for the mix as lower moisture content produces
higher-strength CSEBs. Ideally, the optimum water content may be determined by the
standard Proctor compaction test, according to BS 1377 (1990). This laboratory test
may be used to determine the maximum dry density and the optimum moisture content
of the soils. On site, operators rely on experience and simple drop test to determine
adequate moisture content.

Interlocking block system does not require mortar bonding and as a result con-
struction is faster. Once the base course has been accurately laid, the blocks can
be laid by unskilled workers with minimal training. To accommodate geometric vari-
ation specific strength test method needs to be developed for each interlocking block
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system. Cutting standard shaped specimens from solid blocks, such as cubes, might
be an alternative solution to this problem. For the dry-stack interlocked block system
to be most effective, it has to be confined within a system of beams, columns and
bonded base. As with other masonry types, compressive strength is a basic measure
of quality for CEBs.

The structural behaviour of dry-stack masonry system under compressive load is
similar to conventional masonry. Under lateral loading, however, the dry-stack system
has lower ultimate load capacity and higher ductility.

Clay is an unstable material under sustained moisture condition and due to the rela-
tively high clay content of CSEBs; it is estimated to lose between 30% and 50% of its
dry strength under sustained wet condition. To account for this, it is recommended that
where CSEBs are used below ground level in foundations, it should be assumed to be
under sustained ground moisture and a much higher strength material used. Alterna-
tively, normal concrete may be for foundations up to one or two courses above ground
level and continued with CSEBs.
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Unfired clay materials and
construction

J.M. Kinuthia
University of South Wales, Cardiff, United Kingdom

9.1 Introduction to clay-based materials

The use of clay-based materials has a long and prehistoric background. The association
of clay building materials with mud huts is correct but not sufficient. There has been
serious rethinking and modernizing, and clay-based materials can now produce
aesthetically pleasant construction, such as sometimes witnessed in the careful use
of rammed earth as shown in Fig. 9.1. It will be seen later that good workmanship
can be achieved for both individual and large-scale housing projects using unfired
clay materials, in both developed and developing countries.

Over the last few decades, clay-based materials have started to gain recognition and
the respect they once had in the past. This is credit to clay-based material enthusiasts,
who have brought to the fore the well-recognized and indisputable benefits of these
materials. These benefits include low impact on the environment, in particular if the ma-
terials are not fired, and their ability to passively control interior humidity. The downside
to the materials include the bad reputation these materials have, especially when
compared with the apparent advantages of energy-intensive materials such as Portland
cement and, to some extent, lime. Another notable drawback is the often slow speed of
construction and the sensitivity clay materials sometimes have when one has to balance
cost and immediate- and long-term performance. While some approaches may require
little or no prior experience, others such as the modern and beautiful appearance shown
in Fig. 9.1 require extra care during construction in order to maintain material mixing
regimens and the resultant uniformity in density, strength and colour.

This chapter points out, in brief, the disadvantages of fired and energy-intensive
building and construction material systems but, more importantly, highlights the prop-
erties and benefits of unfired clay—based systems. The author of this chapter has dealt
in detail on the subject of durability of compressed earth materials in a recent book
(Pacheco et al., 2015). For this reason, this chapter will only highlight the key
durability aspects of these materials, without fully detailing the various tests for the
determination of durability of clay-based materials.

Clay-based materials are in either fired or unfired forms. In the fired category, the
material is mixed with a significant amount of water and either extruded or moulded in
a timber, plastic or steel mould into a regular shape. There are reports of sand moulds
also being used (Sutton et al., 2011). Before firing, the cast or extruded bricks or blocks
are allowed to condition or dry slightly to reduce the water content, so as to reduce the
shrinkage on firing. Firing of clays drives out not only the free water used in the mixing
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Figure 9.1 Modern look created by clay-based materials, as in the careful use of rammed earth
in construction in Wales, United Kingdom.

process but also any water that is chemically combined or adsorbed in the inter-layers
of the clay microstructure. The firing also goes further to dehydroxylate (removal of
—OH group) and/or decarboxylate (removal of CO,) any carbonates present and sin-
ters the materials (if temperature is high enough, typically >1000°C) to a very robust
fired product. The loss of free and chemically bound water reduces the swelling poten-
tial associated with clay soils. Considering that some soils can exhibit excessive
swelling potential as high as 2000%, the firing process is very effective in imparting
volume stability to a target clay soil material. The strong bonding reduces the weak-
ening effects of porosity and imparts chemical resistance. Firing is, however, expen-
sive due to its high energy intensity and represents about 85% of the energy
involved in the manufacture of fired clay materials (Heath et al., 2009). This is a major
problem in both developed and developing countries alike. Fig. 9.2 shows the activ-
ities of a community project near Mumias in western Kenya that makes hand-made
fired bricks. A visit to the area by the author revealed serious problems of tree cutting
to provide firewood for firing bricks, causing significant community tensions due to
domestic energy requirements and environmental issues. This chapter, however,
does not aim to address this category of fired clay—based materials. The aim of the
chapter is to address the re-emergence of unfired clay—based materials. These unfired
systems, compared to their fired counterparts, have a relatively lower energy consump-
tion due to the absence of the firing process. It is however best to start by addressing
the target raw material itself — clay soil.

9.2 Structure and properties of clay soils

The term ‘clay’ is generally used in two contexts. In the more general context, the term
‘clay’ is used to refer to generally fine-grained loosely bound natural soil material, irre-
spective of its composition or origin. In the more strict and scientific context, the term
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Figure 9.2 Small holder fired brick community project at Mumias in western Kenya. The
absence of trees may be noted, most having been cut to provide energy for firing bricks.
Courtesy of the author.

‘clay’ is used to refer not only to the fine-grained nature of a soil material, but also to
the presence of certain properties whose origin is traceable to the presence of certain
‘clay’ minerals. In this stricter context, clays are distinguished from other fine-grained
soils by both the fine particle size and by their mineralogy. For this reason, other
fine-grained soils such as silts that do not have a significant proportion of clay minerals
are, strictly speaking, not viewed as clays.

The special and easily observable properties that may suggest presence of clay min-
erals in a soil are primarily evident when the clay soil is in contact with water. These
properties include significant cohesion, shrinkage and expansive or swelling behav-
iour. The genesis of these properties is in the microstructure of the clay, and the
composition of trace metal cations. The variable amounts of water molecules trapped
in the clay mineral structure and the type of interlayer metal ions combine to result in
the familiar clay soil properties mentioned, as well as its colour. For this reason, to both
soil experts and nonexperts, it is well known and established that clays are plastic in the
presence of water; become hard, brittle and nonplastic on drying or firing and shrink on
drying to show significant cracking. Clay soils can appear in various colours depend-
ing on their mineral composition, ranging from deep orange-red to brown to grey to
white.

Strength, volume stability and overall durability of clay-based construction mate-
rials are all very important issues. The solution to swelling of materials, especially
clays and stabilized soils, is a major breakthrough in clay-material systems. In order
to understand why clay soils swell both when water is added and when stabilized
with a stabilizer such as Portland cement or lime, it is necessary to understand further
structural details about clay soils.

Two structural forms are involved in the atomic lattices of clay minerals. There is
the tetrahedral unit (7) (see Fig. 9.3(a)) where a silicon atom in the middle of the tet-
rahedron (triangular-base pyramid) is equidistant from four oxygen atoms. There is



254 Nonconventional and Vernacular Construction Materials

@ SiorAl @ Centre — typically aluminium (Al)
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Figure 9.3 Basic structural forms in a clay soil (a) tetrahedral unit (7) — internal silicon atom,
associated with four external oxygen atoms, and an (b) octahedral unit (O) — internal
aluminium atom, associated with six hydroxyl (—OH™) ions (Grim, 1968), combined in nature
into repeating units as schematically demonstrated in (c) or in (d).

evidence that the silicon atoms may be substituted by aluminium to form tetrahedral
alumina. These tetrahedral groups are normally arranged to form a hexagonal network
in a full-fledged tetrahedral layer.

The second structural form is an octahedral unit (O) (see Fig. 9.3(b)), which consists
of sheets or layers of hydroxyl molecules in which aluminium (or sometimes iron or
magnesium) atoms are embedded in octahedral coordination, so that they are equidis-
tant from six hydroxyls (—OH™) such as in gibbsite ([Al,(OH)g] or brucite
[Mg3(OH)g]). Other cations such as Li, Ca, Mg, Mn, Ni, Cu and Zn occupy these
octahedral sites in some species.

The tetrahedral and octahedral units combine to form repeating units (see Fig. 9.3(c)
and (d)), which in turn combine in numerous ways to form the various classes of clay
soils — kaolinites, illites and montmorillonites — as shown in Table 9.1. Hydrated cat-
ions (such as Li, Na, K and Ca) can find their way into the interlayer spaces via various
mechanisms (such as adsorption, diffusion and osmosis) (Kinuthia et al., 1999;
Kinuthia and Wild, 2001). These cations are the genesis of the differences in the
swelling potential of different clay soils (Table 9.1). Thus, when soils are used in an
unstabilized form, serious volume instability may be encountered through excessive
swelling.

In practice, swelling in soils can be evidenced or suggested by simple tests such as the
Atterberg limits. Table 9.2, for example, shows two samples analysed by the author,
from Gorom—Gorom in Burkina Faso, West Africa. One sample consisted of a brown
soil with a well-distributed particle size range and with significant grass and fibrous/
organic material. This particular soil sample was designated the test specimen code
BF — brown and fibrous. The soil was clearly sampled near the ground surface.
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Table 9.1 Common clay soil types and different typical free
swell values

Clay type Structure % Swell
Kaolinite 5-70
KKKKKKKKKKKK
1:1 clays
Tllite 15—120
KKKKKKKKKKKKKKK

2:1clays
Ca-Montmorillonite As for illite, but with Ca>" cations 45—145
Na-Montmorillonite As for illite, but with Na™ cations 1400—2000

The clay structure shows the layering of the tetrahedral and octahedral units, and the interlayer cations (K, potassium
cations, or K*; Na, sodium cations, or Na™) that contribute to the swelling potential.

The other soil sample was deep red and had no visible organic matter. It was
designated RNF — red in colour and nonfibrous. This sample was from a deeper
soil horizon than sample BF. The two soils are from two different locations, though
not very far from each other. Table 9.2 shows the consistency (Atterberg limits) of
the two soil samples. Based on these limits (LL, PL, PI), soil type RNF was observed
to be more plastic than sample BF. This fact appears to be corroborated by the more
significant linear shrinkage showed by sample RNF relative to that shown by sample
BF. This difference is further illustrated by visual observation of the shrinkage
magnitudes (note the gaps between the brass mould and the clay test specimens)
and by the numerical values for linear shrinkage — 4.5% and 7.9% for BF and
RNF, respectively. Interestingly, despite the higher linear shrinkage, sample RNF
does not appear to have cracked on shrinking but buckled instead. This is most likely
due to the higher clay content and therefore stringer cohesion in sample RNF as
suggested by the plasticity indices (PI): 11 versus 15 for samples BF and RNF,
respectively.

9.3 Unfired clay material systems

Table 9.3 summarizes the most commonly encountered types of unfired clay-material
systems. The table shows that unfired clay materials can be formulated using clay
without any additional materials but basic clay—water compaction (mud, cob, sod,
adobe, rammed earth, etc.). It also shows that cementitious binders can be used,
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Table 9.2 Consistency and swelling properties of two clay soils from
Gorom—Gorom, Burkina Faso, West Africa

Specimen code

Fibrous

Non fibrous

Liquid limit (LL) (%)
Liquid limit (LL) (%)
Plastic limit (PL) (%)
Plasticity index (PI) (%)
Linear shrinkage (LS) (%)

26
26
15
11
4.5

34
34
19
15
7.9

with or without the addition of one or more other ingredients. The systems that use
only water and natural ingredients obviously have the lowest environmental impact
but unfortunately also offer a narrower range of ‘utility’ as almost all have no signif-
icant load-bearing capacity. There is a wide range of possible additives, having varying

levels of environmental impact.

9.4 Clay materials without additives

The most basic historic clay—based materials capitalize on inherent clay properties, in
particular, its cohesive nature. Simple techniques have merely involved the selection of
clay deposits. It is possible to find significant deposits of clay without having to
remove any coarse materials. However, clay is a versatile material, and this makes
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Table 9.3 Some categories of unfired clay—based material systems

Industrial/industrial
waste or byproduct

Certain soils

Calcined clay
Coal ash”
Ground slag*

Additive/
Category stabilizer Examples
Unstabilized | Mud/cob/sod None
Adobe None
Rammed earth None
Stabilized Natural materials Natural ash Volcanic ash or ground pumice

Laterites; calcretes; anthill
materials

Metakaolin
Pulverized fuel ash (PFA)

Ground granulated blastfurnace
slag (GGBS)

Silica® Silica fume
Bitumen
Paper ash” Wastepaper sludge ash (WSA)
Cement” Ordinary Portland cement
Lime” Quicklime; Slaked/hydrated
lime
Agricultural/ Agricultural Rice husk ash”
agricultural waste waste

G LpfEneiiTes Sugarcane waste (bagasse) ash”

Straw; coir, hemp, sisal,
jute, palm

“These materials will not ordinarily be used without a hydraulic binder. On their own, they would not add significant
strength to clay materials.
These materials possess or have been observed to show hydraulic properties when combined with clay.

it an attractive construction material. It is able to include a significant amount of coarse
material while remaining plastic. Traditional houses have been built with clayey silt,
clayey sand and boulder clay. In its wet plastic form, clay can be moulded into a reg-
ular shape, usually but not limited to a cuboid form. The regular shape is especially
necessary if the wet material is to be sun-dried for later use. Alternatively, the wet ma-
terial can be placed in either panel formwork, as in rammed earth, or in a cage-like
open formwork as in traditional huts. The wet cohesive materials sticks together and
form a solid irregular mass. The structure can be used with or without further finishing
such as plastering. If well plastered, it is hard to believe that a structure is made of
irregular mud bulbs.
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Clay has been used in this and similar unfired styles in the production of a wide
range of earth materials with or without ‘reinforcing’ strategies such as using straw.
If formed in a regular sun-dried (not fired) manner, unfired clay systems comprise
mud brick, cob, sod and adobe. However, if used directly without forming into a
particular shape, examples include rammed earth.

9.5 Industrial additives

Soils can be strengthened by other unfired processes, such as soil-stabilization tech-
niques. When soils are stabilized with lime and/or Portland cement, a colloidal product
predominantly composed of a calcium silicate hydrate (C—S—H) gel is formed,
although aluminium phases and traces of iron may also be present. The complex gel
gradually changes with time by partially crystallizing, resulting in strength gain in a
mechanism very similar to that in Portland cement hydration. The composition of
this colloidal product is dependent on material ingredients used: the compounds of cal-
cium, silicon, aluminium and traces of iron coming from the lime or Portland cement
used as stabilizer; aluminium and silicon from the soil, and finally the water added for
the stabilization process. This colloidal CaO—Al,03—Si0O,—H;0 system is beneficial
for strength development, although it is prone to ingress of water and other elements.
The quantity and long-term development of this colloidal product influence the total
porosity and affect strength and volume stability. The minimization of pores is obvi-
ously beneficial to strength in construction materials in general (Benavente et al., 2004;
Molina et al., 2011). When well protected, all goes well, and the materials develop sig-
nificant strength to enable applications in roads, foundations, bricks, blocks and other
products of soil-stabilization. Compared with the behaviour of the raw soils, the stabi-
lized materials show little of no expansion potential on stabilization, unless there are
other deleterious mechanisms at play, such as the presence of sulphates in the system.

Depending on the prevailing environment, for both soil- and cement-based systems,
the hydration products from lime and/or Portland cement (ie, complex C—A—S—H gels)
are prone to attack in aggressive solutions (O’Farrell et al., 1999, 2000; Beaudoin et al.,
2001; Kinuthia et al., 2003; Snelson and Kinuthia, 2010; Wild et al., 1996, 1998, 1999;
Miqueleiz et al., 2012; McCarthy et al., 2014). Such deleterious mechanisms may exist
when the target clays for stabilization contain certain compounds, such as sulphates
(Kinuthia et al., 1999; Kinuthia and Wild, 2001; Higgins et al., 1998, 2002). The sul-
phates may also emanate from other sources such as deicing salts or underground water
movements caused by either natural flows and/or artificial occurrences. Examples
include situations such as broken effluent pipes, especially from industrial developments
with resultant liquid or soluble solid wastes containing sulphates or other chemicals and
compounds. The deleterious effects of these reactions can be mitigated or eliminated
altogether by using some industrial waste and byproduct materials, as will be seen in
the next section.

Due to various forces such as pursuance of environmental care, low cost, tech-
nological advances and/or other drivers, there is no longer what may be considered
conventional or classic materials for clay masonry. Changes have been encountered
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with either the materials used and/or their use in nonclassic applications. For this
reason, marginal natural materials that have hitherto not been considered in build-
ing and construction have become viable. The use of marginal naturally occurring
materials does not, however, attract much attention compared with the use of
industrial and agricultural waste streams, primarily because of the negative environ-
mental impact of these waste and byproduct materials. A few examples will now be
discussed.

9.5.1 Ground granulated blastfurnace slag

This is an industrial byproduct material that results from the manufacture of steel from
iron ore in a blastfurnace. The material has successfully been applied in the concrete
industry, where it results in reduced use of Portland cement, an energy-intensive ma-
terial with a significant negative environmental impact. Use of ground granulated
blastfurnace slag (GGBS) also results in improved durability in concrete. The material
has had very little impact in masonry until in recent times. Fig. 9.4 shows higher
compressive strength values being obtained using formulations containing GGBS,
as long as there is significant lime to activate the slag. Kimmeridge clay is a
sulphate-bearing stiff clay from Oxfordshire, UK, which has been very difficult to sta-
bilize using lime alone. Fig. 9.4(a) and (b) suggest best stabilization of this difficult soil
using a total stabilizer content of at least 6% and a 0.5 < slag:lime ratio <2. Consid-
ering that slag is a byproduct material that is in most cases less expensive relative to
lime or Portland cement, there are benefits to using a blended binder that results in
the use of reduced amounts of traditional binders in masonry. The optimal slag:lime
ratio changes to unity with higher levels of slag, for clay so