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Abstract

This thesis describes a series of investigations performed to determine the possibility

of separating bricks and mortar using pressure waves.

A study of the current brick recycling practised within the UK was performed. This

study identifies a need for improved brick reclamation processes.

Initial investigations were performed using one-sixth scale couplets. The one-sixth
scale bricks and mortar could be separated by placing them in an ultrasound bath.
Further investigations were performed to determine the vibrations that would be
necessary to recreate the separation of one-sixth scale couplet using an ultrasound
bath at full scale. Based on these investigations, a prototype designed to separate full
scale couplets was constructed. A series of specimens were tested in the prototype and
the vibrations passing through the specimens were recorded. These results showed
that the prototype was able to achieve vibrations at the intended frequency and
amplitude within the specimens. However, no separation occurred and therefore it
was concluded that this process was not appropriate for brick reclamation of full scale

bricks in this manner.

An investigation of the bond strength developed between the bricks and mortar of
one-sixth scale and full scale couplets was performed. It was found that the full scale
specimens developed a bond strength greater than that developed in the one-sixth

scale specimens.
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CHAPTER 1 INTRODUCTION

1. Introduction

1.1.  The Use of Masonry

Man has used masonry for many centuries. It was among the first construction
techniques used to build structures to protect man and his possessions. Over time,
man’s creativeness has allowed improvements to be made on this basic process, for
example the shaping of rocks into square blocks, the use of clays and sand as
primitive mortar, the use of geometry such as the arches to give additional strength.
More recent years have seen the development of mass-produced bricks, and the
introduction of reinforced brickwork and modern mortars. This permits a modern
masonry structure to be engineered to achieve the properties required for a specific
project. Today man has the ability to build an almost limitless range of structures

using bricks and cement.

Perhaps the main reason for the use of masonry construction throughout
history, and today, is its flexibility, which allows the standard masonry construction
methods to be adapted to the particular requirements of each individual construction
project. This flexibility makes masonry construction a method that is suitable for
many different applications, and man has certainly taken advantage of this. Of all the
construction techniques used down the ages, there are more masonry structures that
remain intact today; this provides us with an insight into the robustness of masonry

construction built by previous generations.

It is possible to build a masonry structure without any mortar, and rely on the
self-weight and the shape of the blocks to keep the structure stable. This kind of

construction is used to construct the traditional dry stone walls that are still used today
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CHAPTER 1 INTRODUCTION

in the Yorkshire Dales. They are made using naturally occurring stones that are
carefully laid so that they interlock and the integrity of the wall is maintained. The
walls are only used to define the extents of individual fields and do not have any
additional load to support, so they do not need mortar to provide extra strength and
stability. However, as there is no mortar to hold all the stone components together, the
walls are easily damaged and require regular maintenance to keep them in good
condition. A superb example of mortar-free masonry construction is the Pont Du
Gard, a Roman aqueduct built under the orders of Marcus Agrippa when he was the
governor of Gaul in the years 19 and 20 BC'. Although the Romans did later use an
early type of cement, this aqueduct is 275 m long and rises 49 m above the River
Gardon in Southern France and was built without cement. Instead, the structure gains
its stability from the inherent strength of the arches, as each block is held in place by
the weight of the blocks next to it. The individual blocks that make up the aqueduct
weigh as much as six tonnes each. It is a tribute to the engineering abilities of the
Roman builders that they could build such a structure and that the aqueduct remains

today in its original form.

Masonry construction has not been considered to be the standard method for
some engineering construction projects for a long time. The completion in 1779 of the
bridge at Ironbridge meant that many engineers began to build iron bridges instead. In
turn, this construction method was superseded by several new technologies, and
bridges today are most commonly made from reinforced concrete and steel. The only
reasons to construct a masonry arch bridge today would be historical or aesthetic, as a
reinforced concrete bridge could be built at a lesser cost and in a quicker time.

Concrete and steel are also the basis for the modern multi-storey office blocks and
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CHAPTER 1 INTRODUCTION

apartment complexes that are often built in town centres to maximise the floor space
that can be created on a small “footprint™. There are significant advantages to this
method. The main advantage is the speed with which the project can be completed.
The building is based on large components that can be prefabricated and only
assembled onsite, reducing the time taken for the erection of the building. These
prefabricated members can be made while the site is prepared, which saves a large
amount of time. It is possible to build a structure in this manner that retains the
appearance of a traditional masonry by cladding it with pre-stressed masonry panels.
This means that for some building projects the use of masonry in the traditional
manner is no longer a viable construction method. However, there is still a large
amount of masonry construction work being performed today. Importantly, masonry
remains the usual method for the construction of standard housing units and other
small buildings, so masonry construction remains a significant construction process
within the UK. In addition, existing masonry structures require maintenance work in
order to keep them in a satisfactory condition. This includes obligation from
legislation “to ensure that any changes or additions do not adversely affect the
essential character of the building or its setting” > Hence it can be a legal requirement
for repairs to be performed using traditional masonry techniques. There will thus be a
considerable amount of construction and maintenance work to be performed with
masonry and it should not be considered obsolete or unworthy of development for

many years to come.
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1.2.  Background for the investigation

Population expansion and increasing affluence in developing nations and “societal
changes” in developed countries are causing a need for the provision of an increasing
number of dwellings. In the UK, centuries of building mean that the availability of
“Green Field Sites” is becoming increasingly limited. In order to protect the
remaining countryside, many UK urban areas are surrounded by “Green Belts” to
prevent urbanisation migrating into the undeveloped area around them, and in
undeveloped areas it is becoming difficult to get planning permission for Green Sites.
This leads to the need to concentrate on building on previously developed, or “Brown
Field”, sites. Of course, the first requirement of constructing “new build” on any
Brown Field site is the complete removal of any previously existing structures.
Buildings have a design life of at least 50 years, and the large capital cost mean that
demolishing a relatively new building is not financially acceptable. However there are
many buildings in the UK which were built 100, 200 or even 300 years ago that are
becoming “worn out” and difficult to keep in a sound structural state. The majority of
old buildings are not “flexible” enough to be adapted for modern uses. These
structures are mostly built using traditional brickwork and hence the structures most
“suitable” and available for demolition in the next 100 years will mostly be brickwork

structures.

This leads to the problem of removing these existing structures efficiently,
safely and without damage to any reusable materials. Currently, the common practice
for the removal of old masonry structures involves using heavy machinery to knock
down the structures and break them up into small pieces. Whilst many of the materials

that are present in old building have potential recycling value, once the structure is
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knocked down in this manner these materials are damaged and mixed together. The
difficulties of selecting and separating the recyclable materials from the general debris
that remains after a building is levelled make any attempt at recycling much more
difficult and reduces the economic viability of the process. Instead, any hazardous
material will be removed for safe disposal and the remaining material will be
transported to a landfill disposal site and dumped. This process is far from ideal,
because of the negative environmental effects of landfill, and because the materials
that are being dumped often have high potential to be re-used. Ideally, it should be
possible to perform a careful demolition of an old building (known as a de-
construction) so that all the parts of the building that have the potential to be recycled

can be removed undamaged for reuse and recycling.

Currently, only a very small percentage of demolitions includes any attempt at
significant recycling. If a structure contains materials that can be easily removed,
which are of high market value, they may be removed prior to demolition. For
example, old roof tiles with a distinctive aged appearance just need to be removed
from the roof before demolition and can then be sold to customers who are
specifically looking for old roof'tiles in order to construct new buildings with an old
character. In the UK many people are attracted to the idea of owning an “old” house,
which means that such houses command a high price. However, old houses do not
come with the modern facilities that the people looking to buy houses want as well.
Newly built houses that can be made to look ““old” by using reclaimed materials can
provide both the “old” appearance and the modern facilities, which increases their
market value. This means that recycled materials that can be re-used in a new build to

give the new structure a characteristically old appearance are also of high enough
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value to potentially make recycling them worthwhile. The properties of bricks make
them well suited to recycling as they are very durable, not easily damaged, and can
remain in storage without any special conditions for a long time without suffering any
degradation. However, bricks from demolished structures are much harder to recycle
because after demolition they are still held together in the mortar in large fragments of
brickwork. In order for them to be reclaimed, it is necessary to develop a process to
separate these fragments of masonry into the original brick and mortar components.
Currently the author knows of no such technology that can achieve this aim, other
than manual chiselling. Therefore the principal idea behind this project is to examine
the way in which the methods available for the recycling of the bricks within
brickwork buildings could be improved. Currently, the recycling of bricks is very
limited, but the author believes that with the right technology brick recycling could

become commonplace and give huge economical and environmental benefits.

1.3.  Objectives and scope of investigation

The objective of the investigation is to develop new techniques that will make brick
recycling a more attractive process to those carrying out the demolition of brickwork
structures. The main obstacle to such recycling is the process of separating the bricks
and the mortar so that the bricks can be re-used. In addition, it is necessary to achieve
this at a cost that is competitive with that of dumping the masonry rubble and
manufacturing new bricks. If this could be achieved, then marketing the proposal to
large demolition companies would be plausible, and if the methods were widely
adopted, the environmental and economic benefits could be of significance. Hence the
scope of this project is the investigation of any existing processes and the evaluation

of any new techniques to that might be able to achieve mortar separation.
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Ideally, the separation process should work on most of the different types of
bricks and mortar. However, the most important conditions to consider initially are
those that are most commonly present at demolition sites today. Hence the
investigation should begin by considering the separation of bricks and mortar from the
old buildings that are most often demolished. This means giving prime consideration
to masonry consisting of handmade bricks and lime mortars. If the separation process
developed is only successful on certain types of bricks or mortar, that in itself may
still be worthwhile, with further necessary development depending on the occurrence
of those conditions in structures that are demolished. For the technology to be
attractive to industry it will need to be able to deal not just with purpose made
masonry units but also with chunks of masonry in odd shapes that would result from a
demolition. It would also need to be capable of separating a large number of bricks in
a reasonable amount of time if it is to be suitable for industry. However, in the initial
stages of the investigation any process that can separate bricks and mortar is of

interest, and worthy of further development.

1.4.  Layout of the thesis

This thesis is divided into nine chapters.

Chapter 1 details the background for the study and outlines the objectives and

scope of the research.

Chapter 2 is a review of literature, which is sub-divided into three sections.
The first section presents a brief history of the use of brickwork. The second section

considers the properties of the different types of brickwork construction. This section
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has two additional subsections that consider the variations in bricks and mortar, the

two main components of brickwork.

Chapter 3 presents the theory upon which the study was based. The first two
sections detail the process that occur when the bonds that hold brickwork together are
formed and how they can be broken. The remaining sections of Chapter 3 provide

theory and information on the processes occurring within an ultrasound bath.

Chapter 4 presents two investigations that were performed to provide
information on the response of bricks and brickwork when they are subjected to
vibrations. The first section details test that were designed to investigate the ability of
the waves produced within an ultrasound bath to separate one-sixth scale couplets.
The second investigation was performed using full scale bricks. Impact tests were
performed on individual full scale bricks to allow speed at which waves travelled

through the bricks and the natural frequency of the bricks to be determined.

Chapter 5 outlines the process that was followed to produce a prototype
designed to produce the range of frequencies that the experiments performed in
Chapter 4 had indicated would give the best potential for separating full scale
brickwork. It also details the principal considerations during the construction process

and the health and safety issues involved during operation of the prototype.

Chapter 6 details the experiments that were performed with the prototype. The

prototype was used to determine the vibrations caused within a full scale couplet

when it was subjected to waves with different frequencies. This allowed the
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frequencies that produced the greatest vibrations within the specimens to be
determined. These frequencies occurred within the range that was determined to be
the most effective during Chapter 4. However, no signs of separation were observed
during the testing and it was conclude that the prototype was not able to separate full

scale couplets.

Chapter 7 details the bond wrench testing program that was performed on both
full scale and one-sixth scale couplets to identify the differences between the power

required to separate the couplets at different scales.

Chapter 8 is a discussion of the work that was performed and Chapter 9
presents the conclusions of the research, and details the potential for further research

to be performed in the same area.
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2.Review of Literature

2.1.  History of brickwork

It is commonly believed that prefabricated clay units were first used in hot countries,
when mud and clay were allowed to dry in the sun until they became hard so they
could be used as building materials. According to Pliny®, the first “bricks” and tiles
were baked in Cyprus by Cinyra, son of Agrippa, although he fails to specify a date
for this event. In his historical notes on the contents of theLangley Museum in
London, Dobson* records a 230 x 190 mm tile from Greece which he claims must
date from 1800 BC or before, and that they “are probably the oldest baked clay roof
tiles that have been identified anywhere in the world”. Examples of Greek buildings
made using brick and tile can be found throughout much of southern Italy and Sicily,
such as the temples at Paestum, near Naples. Here there is also a tomb, the Hypogean
Scaellum, which is tiled with 20 large clay tiles. In “Roman brick and tile”
Broadribb’ claims that these tiles are the oldest tiles that remain in situ in the
world.and indicates that by the 6™ Century BC the use of tiles and bricks had been
adopted by Roman engineers, who built buildings with brick walls and tiled roofs
extensively through out the Empire. He identifies different types of tiles and five
types of brick that were commonly used by the Romans. In addition, Broadribb’
provides details and drawings of how each type of brick was used, and gives locations
of structures that can still be found today in the areas that formed part of the Roman
Empire. For example, the brick type first discussed is Bessalis, square bricks that were
usually used to build pilae (columns or piers) such as those that would support the
suspended floor above the hypocaust. The name “Bessalis” comes from the Roman

word Bes, which means “two thirds of a unit”. There are 12 Roman inches (unicae) in

Page 2-1



CHAPTER 2 REVIEW OF LITERATURE

a Roman foot (pes), and the Bessalis were 8 Roman inches, or two thirds of a foot
square. A Roman foot is 11.64 English inches, so it was not very different from the
English foot. There is a considerable variation in the sizes of the Bessalis that have
been found. The biggest was found in London, and measured 235mm whereas
Bessalis measuring 170mm have also been found. The other brick types used by the
Romans also varied in size. The typical sizes of the different bricks and Tiles used in

Roman construction can be found below in Figure 2-1.

Scale
Roman Pes
Bipedalis ¢ ! 2 3 4
Metri.c
0 S00 1000mm
Sesquipadalis et
é Lydion
@ Pedalis
@ Bessalis
@ Modern Brick

Figure 2-1. Scaled isometric drawings of the bricks types in Roman Buildings

(from Broadribb °)

It is difficult to be precise about the methods the Romans used for making
bricks because over time the methods they used would have been modified and
improved. It is known that they made their bricks from soils dug from shallow pits in
the earth or riverbanks and they fired them in basic kilns. The Roman conquest of

Britain that began in AD 43 brought with it the first bricks to be used in the UK.
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When the Roman occupation of Britain ended in AD 412, the British people looted
bricks from the Roman buildings and used them in their own constructions, although
there is no proof that they made their own bricks at that time. Roman engineering and
construction skills were far more advanced than the countries they occupied, but as
the Roman empire collapsed it was rare for the liberated people to take advantage of
the new technologies that the Romans had introduced. Instead they tended to return to
the traditional technologies and ways of life that they had been following prior to the
Roman invasion. However, it is known that bricks began to be imported into Britain
from Flanders and Holland, and sometime during the 13™ Century it is believed that
bricks were once more manufactured in the UK. At this time some improvements had
been made on the process used to manufacture bricks. The bricks were made in
wooden moulds, but there was no defined size for a brick, and so brick manufacturers
were free to make them at a size of their choosing. The bricks were still fired in a kiln
similar to the kilns that had been used by the Romans, although coal was now
available. However, coal was a new product and was expensive, so the fuel used
would still usually be wood, charcoal or turf. The bricks that could be made in early
kilns would vary in quality, as there was no way to regulate the firing process.
Instead, the bricks were placed in the kiln, which was then lit and the bricks were
fired until the fuel was all spent. There would be a large variation in the firing of each
brick in the kiln depending on its position in the kiln. Bricks in the centre of the kiln
would often be over-fired, causing them to become cracked and brittle. Bricks at the
edges of the kiln would be under-fired, and fail to achieve their maximum potential
strength. These problems would cause some of the bricks to develop unacceptable
flaws, and some would be thrown away. There was a large variation in the bricks

produced within the UK, as their properties were influenced by the use of different
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practices. The brick makers would use the clays that were available locally, and this

would affect the colour and material properties of the bricks produced.

A variety of different moulding techniques and firing processes were also
used. However, although the use of bricks in the UK increased, it was not until 1571
that the first laws to control the quality bricks were passed. These laws determined
that bricks should all be the same size, and defined the size of a brick to be 229 x 115
x 51mm. Since this first law, there has always been a size specified in the UK for the
prefabricated brickwork unit called a brick. A major improvement was made to the
brick manufacturing process in the 17" century when the horse-powered pug mill was
introduced. Before this technology the raw components of the bricks had to be mixed
by hand, which was time consuming and caused problems in the brick if the mixture
was not mixed to a sufficiently homogeneous material. However, the use of a horse-
powered pug mill reduced the preparation time and ensured that the raw materials
were properly mixed into an even workable mass before being moulded. The decreed
size of bricks was changed in 1725 and again in 1776, when they were required to be
215 x 102.5 x 65mm. In 1784 a brick tax was introduced, but the numbers of bricks
being produced still continued to rise. As the price of coal began to fall in the 18"
Century it became commonly used in the brick firing kilns and the greater
temperatures that could be achieved by the coal fired kilns allowed stronger bricks to
be produced. At the beginning of the 19" Century the first machines to make bricks
were developed to cope with the high demand. These machines were used to shape
the raw material into the brick shape. Several different methods were developed;
including various pressing and wire cut processes. The mechanisation of the processes

used in the manufacturing of bricks allowed bricks to be produced to a constant
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specification. As technology advanced, machines performed more and more of the

brick manufacturing process, and today very few bricks are not entirely machine

made.

2.2.  Properties of brickwork

The commonly accepted definition of a brickwork structure is one that is made using
construction methods which utilise prefabricated brickwork units. The units can be
laid in various ways and are usually joined together in a matrix of mortar. There is a
huge number of brickwork buildings made using a range of different construction
techniques standing in the world today. Brickwork construction is very flexible, and
can be tailored to fit most design briefs using a variety of different materials and
techniques which have been developed over many years.

The positioning of the brickwork units during construction influences the
characteristics of a brickwork structure. Brickwork units are usually laid in a set

pattern or “bond” throughout the structure. The bonds that are most frequently used in

brickwork within the UK are shown in Figure 2-2.

Page 2-5



CHAPTER 2 REVIEW OF LITERATURE

1 0 W 2 S S OO N - -
C C I T T 1 _T71 T : T [ —— 1
[ I - I T 1 ;.- I Trrrr— I Trrrrir
C I T T 1T 1 ‘ T I 11— ‘
r T T T T AN e R S I N B N C T T T 1T
l 1 1T 1 1 [ — I 117 T 1T
Stack bond Running bond Flemish bond English bond Common bond

Figure 2-2. Bonds commonly used for brickwork according to BS 5390:1976 °.

The bond can be used to change the appearance of brickwork, and different bonds can
be used in adjacent areas to improve the appearance of the structure. More
importantly, the bond can influence the failure mechanism of the brickwork. When
brickwork begins to fail visible cracks are typically formed running through the

mortar around the bricks. Most bond patterns ensure that the joints between the bricks
in adjoining courses are not aligned, as this would create a line of weakness within the

brickwork.

The process by which the mortar hardens and bonds with the brickwork units
is termed curing. There are a large number of factors that influence the strength that is
gained by the mortar during curing. The environmental conditions in which the curing
process takes place affect the strength that the brickwork actually develops. Different
mortars require different conditions in order to achieve their maximum strength. A
typical modern mortar will cure most effectively in a moist environment, as this
ensures that there is sufficient water within the bricks to maintain the chemical
process that occurs within the cement as it hardens (see Section 3.1). The pressure
with which the wet mortar is pressed against the brickwork units during curing is

known as the “confining pressure”. The magnitude of the confining pressure is largely
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dictated by the brickwork and any other dead loads above, so it is usually dictated by

the height of brickwork that is laid.

All developed countries publish standards giving details of how brickwork
should designed and constructed. The flexibility' of brickwork makes it a construction
method suitable for a wide range projects, but it also leads to variations in different
brickwork structures that make it difficult to develop a standard to govern brickwork
constructions. Until the 1950’s calculations concerning load-bearing brickwork were
solely based on approximate empirical formulae and hence walls were built with
conservative thickness. Further work has allowed modern standards to prescribe much
more accurately, although the variations in the properties of brickwork structures limit
the total reliance on direct calculations, and so the design codes still contain formulae

derived from experiments performed on brickwork elements.

The variations in brickwork structures occur because of the properties of bricks" and
mortar, as outlined in the two previous sections above, and also because of the
composite nature of brickwork structures. The different ways in which the two
components can be used together make brickwork more complicated than a
homogeneous material such as steel. So, for example, a simple calculation to quantify
the failure load of a simple solid square steel column would need to consider the cross
sectional properties of the column, the strength of the steel being used and the degree
of fixity at the ends of the column. The equivalent calculation for a brickwork pillar
would be much more complicated, and, according to Hendry’ would be related to the

square root of the nominal brick crushing strength and the third or fourth root of the

' The adaptability of brickwork, allowing it to be suitable for a wide scope of applications
" Or other prefabricated masonry unit
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mortar cube strength. In fact, if a simple brickwork couplet is placed in compression
and the load is increased, the resulting failure is not caused by compression, but
instead by tension. The geometric properties of the mortar and the “bricks” influence
the strength of the whole brickwork unit. The ratio between brick depth and mortar

thickness has a significant effect on the strength of a brickwork column.

2.3.  Properties of bricks

The current standard size for bricks in the UK is 215 x 102.5 x 65mm, and only
prefabricated brickwork units which adhere to this size may be called bricks.

Figure 2-3 shows the dimensions of a brick and gives the names of the three faces.

Stretcher face

65 mm

Figure 2-3. The dimensions and names for the faces of a brick

There is a second defined unit, the block, which is any squared unit with a size
greater than 337.5 x 225 x 112.5mm. Although there is a specified size for both
bricks and blocks, they can be made from a wide range of different materials using a
variety of manufacturing processes. There is a wide range of bricks available, and

they can be classified by considering a number of different properties, as shown in
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Figure 2-4. Many bricks are constructed with voids, as shown in Figure 2-5. The
presence of voids within a brick can give a number of advantages. Voids through the
middle of the brick improve the distribution of heat throughout the brick during the
firing process. This helps to ensure that each brick is fired evenly, even when a large
number of bricks are fired in a large kiln together. When a structure is built from brick
with perforations or frogs, mortar will enter the voids. This improves the connections
between the bricks, and hence the load capacity of the structure. The presence of a
void reduces the quantity of raw materials required, thus reducing the economic and
environmental cost of the brick. It also reduces the weight of the brick, making them

easier to manipulate and reducing the cost of transportation.
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[ Classification of bricks |
|

Uses: Voids: Colour: Place of origin: Surface
(see figure 2-5) texture:
) e.g. e.g. e.g.
Common Solids Reds Leicester red Rustic
Facing Cellular Buffs Stafordshire blue Sandfaced
Engineering Perforated Blues Accrington Glazed
Frogged London Stock
. : : :
Frost Raw Maximum soluble Method of
resistance: material: salt content: Manufacture:
Frost resistant (F) Clay Low (L) Handmade
Moderately frost Calcium Normal (N) Wirecut
resistant (M) silicate Pressed
Not frost resistant (O) Concrete

Figure 2-4. The classification of bricks (taken from Boon Seng %)
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Figure 2-5. Common void types found in bricks
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It is material properties of the brick that are likely to be of most interest to an
engineer, as they will largely determine its structural capability. A brick can be
manufactured to meet a specification desired by the designer by manipulating the
materials and manufacturing processes used to produce the brick. Some material
properties that a designer may specify are listed below.

o Compressive strength

The first property usually considered when designing a structure using bricks is
the compressive strength of the brick. This will usually be the most influential
property of the brick on the strength of the brickwork. The manufacturer would
always be expected to provide a minimum compressive strength for the bricks
they supply, and a designer could use this figure if it were necessary to perform
any calculations on the structure.

e Absorption

All bricks contain pores, and during the firing process all the moisture is removed
from the brick, leaving these voids full of air. However, when the bricks are
removed from the kiln the pores will begin to absorb moisture from the
atmosphere again. If a brick is placed in an environment where the moisture
content in the surroundings is greater than the water content within the pores in
the brick, the brick will absorb moisture until an equilibrium is achieved. The
absorption properties of a brick concern the rate at which moisture is absorbed and
the quantity of water that can be absorbed into the pores.

e Frost resistance

Bricks that are saturated are vulnerable to frost attack if the temperature falls low
enough. As the water within the brick turns into ice and expands, it can cause the

brick to crack. A regular freezing/thawing cycle will be most damaging, and can
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lead to complete disintegration of the brick. Frost damage is not usually a problem
for general brickwork in the UK as the rainfall does not saturate the bricks and the
temperature does not regularly fall below zero.
¢ Thermal movement
The amount of expansion/contraction of a brick due to any increase/decrease in
the temperature of the environment is only a concern if the expansion joints
provided are not adequate, or the bricks are going to be subjected to large
temperature changes, or if there is a special need to limit any expansion. This is
not an issue for brickwork constructed using lime mortar, as lime mortar is
flexible enough to allow for any thermal expansion that occurs.
e Moisture movement
The expansion/contraction of the brick due to an increase/decrease in the humidity
of the environment needs to be considered if there is a special need to limit
expansion, or if the brick is likely to be subjected to significant changes in
moisture levels.
¢ Fire resistance
This is the ability of the brick to resist the effects of fire allowing the structure to
resist collapse in the event of a fire. All fired bricks have a good level of fire
resistance compared to other construction materials because of the temperature
they endure during the firing process, but some bricks are made from special
materials so that they can withstand particularly high temperatures.
¢ Soluble Salts
Sulphate attack
Salts within the brick can cause complications if certain conditions are present

within the structure. If the brick remains persistently saturated sulphates from the
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brick can be absorbed into the water, which can then react with the tri-calcium
aluminate in Portland Cement of the mortar as the water passes the joint. This will
cause damage and weakening of the mortar, and can significantly reduce the
strength of the mortar. This effect can be reduced or prevented by minimising the
quantity of the offending salts within the brick.

Efflorescence

When water evaporates from a surface it will leave behind a crust of any soluble
salts it contained. When this process occurs with soluble salts from the interior of
the brick being deposited on the surface of the brick, it is called efflorescence.
This often occurs on brickwork as a new building dries for the first time after
construction, and a white deposit develops on the surface of the bricks. The colour
of the efflorescence will depend on the salts, but it is usually white and some salts
may cause some damage to the brick.

e Acoustic properties

For some specialist buildings it may be necessary to consider the acoustic
characteristics of the bricks in order to achieve the desired acoustics within the

building.

There are different kinds of brick available, but clay fired bricks are the
standard for brickwork construction within the UK, and are the only type of brick
used in the testing performed for this study. The UK standard regulating the quality
and use of clay-fired brick is BS EN 771-1 2003 °, and this divides clay bricks into
three classes. Common bricks are used for general building purposes, such as standard
housing units, where there are no particular special requirements. Facing bricks are

available in a variety of colours and textures and can be used to give a desired
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appearance in order to increase the visual appeal of the structure. Engineering Bricks
have increased strength and density, with defined absorption and strength parameters,
so that they can be used for high loads or in difficult or harsh conditions e.g. below

the damp proof course.

Clay bricks are usually graded with regard to their frost resistance and their
soluble salt content. There are three frost resistance categories, although only two
types are commonly used within the UK. Those with little or no frost resistance are
given a frost rating of O, and are only used for interior walls. The next category is M,
which signifies medium frost resistance. In the UK, the generally mild weather
conditions mean that these bricks can usually be used for exterior walls without any
problems. The bricks with the best frost resistance are given a frost resistance
classification of F, and can be used where the potential for frost damage is high. In the
UK it would only be necessary to use these bricks if they were likely to be
continuously saturated. In countries where the temperature often fluctuates around
zero degrees it would be necessary to use frost resistance category F bricks for all
exterior brickwork. Additionally, clay bricks are also graded with regard to their
soluble salt content. Any brick without controlled levels of soluble salts is categorised
as S 0, but bricks that meet defined limits for soluble salt content can be categorised

as S 1 or S2, shown in Table 2-1.
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Category Sodium and Potassium Magnesium
SO No requirement No requirement
S1 0.17 % 0.08 %

S2 0.06 % 0.03%

Table 2-1. Permissible active soluble salts content categories
(from BS EN 771-1:2003 '°)

After clay bricks, the next most commonly used type of brick are calcium
silicate bricks. Calcium silicate bricks are used much less often than clay bricks
throughout the UK, but in some other countries they are the most commonly used
brick. Despite their lack of popularity within the UK, the British Standard BS EN
771-2:2003 '° covers Calcium Silicate bricks so they are an alternative choice for

brickwork constructions within the UK.

In addition to clay bricks and calcium silicate bricks modern buildings also
frequently use lightweight blocks. The usual way of making make a lightweight block
is to manufacture the block in a way that ensures there is a large amount of air voids
into the block. The low density of the blocks means that they can be larger than
normal bricks with out becoming too heavy for one man to lift comfortably. There is a
variety of concrete blocks available, which are all designed to give properties
favourable to brickwork construction. They have good insulation value and the
greater size of the blocks means that fewer blocks need to be laid to make a structure,
reducing the construction time. However, the air voids make such blocks more porous
than standard bricks, and it is generally accepted that a brickwork construction made
from blocks is not very aesthetically pleasing. After the second world war in the

1940s it became the standard practise to build the walls of standard buildings with two
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layers, concrete thermal blocks on the inside, and bricks on the outside. The inclusion
of a cavity between the two skins of a wall provides additional insulation and permits
sufficient airflow to enable any moisture that penetrates the wall to evaporate. Using a
combination of blocks on the inside with a brick exterior allows the aesthetic benefits

of bricks and the practical benefits of block to be exploited within a single structure.

Brickwork construction also includes the use of any other pre-manufactured
brickwork units as well as the use of fired bricks. The term pre-manufactured does not
just include materials that are initially soft and hence have to be fired; natural
materials that are already hard when they are extracted are also included. Some
materials can simply be extracted in a form that is already suitable for use in
brickwork construction. The material most commonly used in this way in the UK is
stone, which is regulated by BS EN 771-6 :2001"'". Some types of stone are more
suited for use in brickwork construction than others, depending on the properties of
that type of stone. Although most stones have a more than adequate compressive
strength, many types of stone are porous and would allow the ingress of water. In
addition, some types of stone are so hard that they are difficult to quarry and hence
they are not a practical alternative to fired bricks. However, in areas where there was
an abundant local supply of stone that was well suited for building, the majority of the
old buildings may be made from stone. In some stone buildings all the stones were cut
and shaped to a standard size, but often stones structures are constructed with stones
of varying sizes, which were carefully placed in the wall so that they fitted together
neatly. Stone structures were more commonly built in the UK before mass produced

cheaper bricks became available. Today it is rare for new constructions to be built
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from natural stone and it would only occur if there were overriding aesthetic or

planning reasons making the use of other materials inappropriate.

2.4.  Properties of mortars

The majority of brickwork constructions use some form of mortar to hold the bricks in
position. Mortar is a mixture typically consisting of cement and sand and lime mixed
together with water. Additional ingredients, such as air entraining agents, retardants,
pigments and plasticisers are also frequently added to modern cements. Placing

mortar in between the prefabricated brickwork units fills any voids that exist and
compensates for any size irregularities. The correct use of mortar allows the
construction of a level uniform structure that provides a good level of protection from

the elements, even if irregular bricks are used.

Mortar is found in two different forms. Traditional lime mortar was used in
brickwork construction for many centuries. Around 1900, the first Portland Cement
was invented, and Portland Cements are used in most brickwork structures today.
Traditional lime mortars gain only a small amount of strength compared to that of
Portland Cement mortar. They also retain a good deal of flexibility and porosity even
a long time after the lime has been applied. These three characteristics are
advantageous to old buildings, as they allow some movement to occur in the structure
without cracking occurring. Hence the structural members of the building have some

freedom to move slightly without causing structural failure.
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The properties of the different ingredients all affect the characteristics of the
mortar, and hence it is possible to design a mortar to meet the requirements for a
particular construction project. This means that a designer can determine the
characteristics of the mortar needed for a project, and a suitable mix can be produced
to meet the specification. Some of the properties that a designer might consider

specifying are listed below.

e Compressive strength

o  Workability

o Frost resistance

e Resistance to chemical attacks
e Retention of water

e Appearance

The most important ingredient of mortar is the cement and ordinary Portland
cement is usually used, although specialist cements, such as those that gain strength
rapidly or can resist sulphate attack, are also available. The compressive strength of
mortar is most closely related to the water/cement ratio. The effect of the water

cement ratio on the crushing strength of a cube is shown in Figure 2-6.
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Figure 2-6. Effect of water cement ratio on the compressive strength of mortar of
grades [, Il and 11l taken from Hendry !

The amount of water added to the cement determines the workability of the
mortar. Mortar needs to be viscous enough to allow it to be worked onto the bricks,

and to allow the bricks to bed down into the mortar. However, if too much water is

added, the strength of the mortar will suffer, and the time the brickwork takes to set
fully will increase.
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The proportions of the different components that make up the mortar also
influence the properties it will develop. If an exact mix is required, a designer may
specify the ratio proportions of the materials that are to be used. However, it is more
likely that the designer will instead specify a standard mix that is commonly used.
The British Standard that was used during this project was BS 4551'2, although this
has since been partially replaced by BS EN 998-2:2003"3. However, both these
standards provide the same information and instructions for mixing the five grades of

mortar. The mix proportions used in the mortars specified by the standard are shown

in Table 2-2.

Grade Lime mortar Non-lime mortar
Cement | Lime Sand Water (ml) | Cement Sand

1 22.9 1.5 75.6 175 22.8 77.2

2 17.0 3.1 79.9 20.5 79.2

3 13.6 5.1 81.3 196 14.0 86.0

4 9.0 6.4 84.6 10.5 89.5

5 7.1 8.0 84.9 213 9.8 90.2

Table 2-2. Mortar mixes specified in BS 4551 '2, all proportions are detailed by mass
percentage.

Following the process described in the BS 4551 means that the properties of the
mortar will meet the values detailed in the standard. Therefore, by instructing the
builder to use one of the mixes specified in Table 2-2 above, a designer can ensure
that the mortar will meet the properties that he has used when performing the design

calculations. In addition, some manufacturers also supply information with their
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materials that details the properties that will be developed when certain other mix

proportions are used.

Different types of sand also influence the qualities of the mortar. The sand

should not have too many impurities as these may react with the cement and prevent

the full strength of the mortar from being developed. Use of a fine sand makes the

mortar more workable, but reduces the compressive strength of the mortar. The sand

should meet the particle grading defined in BS 1199 and1200:1976'* and shown in

Figure 2-7 below.

Percentage by mass passing BS sieves
BS sieve
Tyvpe S Type G
mm
6.30 100 100
0.00 95 - 100 9% - 100
2.36 90 - 100 90 - 100
1.1 70 - 100 70-100
Cm
600 40 - 100 40- 100
300 a- 70 20- 90
150 0- 15 0- 25
D) 0- 5 0- 8o
0 = 10 % for erushed =tone <ands
bo - 12 % fur erushed stone <ands

Figure 2-7. The grading details for sands defined in BS 1199 and1200:1976

Lime can also be added to mortar in order to increase the workability. It also

affects the water retentivity and how the mortar bonds to the brick. There are two

types of lime that can be added to mortar, hydraulic lime and non-hydraulic lime.
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Additional ingredients can be added to mortar to increase its workability, reduce

susceptibility to frost or change the colour of the mortar.

2.5.  Brickwork Recycling

In recent times it has been acknowledged that the habits of the expanding global
population is placing increasingly unsustainable demands on the finite natural
resources of the Earth. One of the main ways of extending the use of the Earth’s
resources is recycling. Recycling is usually used as a general term for re-using an item
in a productive manner and not disposing of it as waste material. Hence re-using
bricks in their original form and re-using crushed bricks as a fill material are both
considered recycling. The term reclamation is used more specifically to mean the
re-use of materials in their original form; hence this precludes bricks that are crushed

before they are re-used.

Currently work is underway to ensure that future constructions can be
deconstructed in a way that allows as much of the materials as possible to be recycled
when the building is no longer wanted. However, this work will not yield any benefits
until the buildings constructed using these methods are ready for demolition. There
will be a large number of bricks that will be available for recycling in the intervening
period. Hence, it is perhaps more important that attention is drawn to the buildings
that are being demolished today. These buildings were built before the importance of
recycling was recognised, so how they could be carefully dismantled was not
considered in their design. Recycling materials from these buildings is not straight
forward, and it generally involves more consideration to recycle the materials than to
dispose of them as waste. This means that often no attempt is made to recycle any

materials during demolition; and hence the quantity of bricks recycled within the UK
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today is very small. The bricks that are discarded are not only a large resource that is
not exploited, but they also increase the quantity of waste that is produced, adding to

the economic and financial costs of disposing them acceptably.

2.5.1. Existing brick recycling

It is difficult to achieve a reliable estimate of the amount of construction waste and
the amount of recycling that currently takes place in the UK. It is necessary to
recognise that the estimates given later are based on limited data, and further work
would be needed to establish reliable figures. In 1991 Arup'’ estimated that some 70
million tonnes of demolition rubble and construction waste were generated annually.
The study concluded that 44 million tonnes (or 63% amount of the total amount) was
recycled in some form or other. However, these figures were based on all demolition
rubble and construction waste, and no figures were given for individual materials such

as bricks.

More recently, the BigREc'® survey was performed in 1998. This data is now
more than five years old, but there are no current plans to update or repeat the survey
because of a lack of funds. The survey was conducted on behalf of Salvo and the UK
government Department of the Environment, Transport and the Regions. It was based
upon information gathered from questionnaires sent to relevant companies in the UK.
The report suggests a figure of 100 million tonnes for the total amount of construction
waste generated (this figure was estimated in a previous study performed by Arup)
and estimated that 8.1 million tonnes of construction waste is reclaimed or recycled
per year. These figures indicated that no attempt was being made to recycle more than

90% of the construction waste generated in the UK.
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It is likely that since the BigREc report the amount of bricks that are recycled
today has increased, but there is no recent data to support this. The bulk of the
BigREc report consists of paragraphs giving details for each type of material. The
section on bricks states that each year some 2500 million bricks are available for
recycling as the structures they were part of are demolished. It states that between 600
and 1,200 million bricks are crushed and re-used as a fill and approximately 140
million bricks are reclaimed and sold at brickyards. However, independent approaches
via the Brick Development Association have indicated that they believe the figure of
140 million overestimates the amount of bricks that are reclaimed. The BigREc report
estimates that there are some 2,500 companies recycling and reclaiming building
materials and architectural antiques within the UK and that these companies had a
combined turnover of around £1 billion in 1998. Based on these figures, in the region

of half the bricks available for recycling are discarded as waste.

The BigREc '° report goes into further detail and considers how the bricks are
re-used when they have been reclaimed. The majority of recycled bricks pass through
small wholesale yards and are sold in small numbers (typically less than six thousand
bricks) to private customers and the small scale construction industry. It reports that
these brick wholesale companies typically have a stock in their yards of around some
29,000 handmade, 21,000 wire cut and 9,000 machine-made pressed bricks. Most of
the materials reclaimed travel only short distances (usually within 50 miles) to local
recycling yards and are ultimately resold to private customers. The survey reports that
the quality of reclaimed bricks tends to be poor, and found that only three quarters of
the bricks sold had one clean end and one clean face, and only five percent had any

frost resistance guarantee.
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The BigREc '® report highlights the two different ways in which bricks can be
recycled. These two methods and the end products produced are very different, and it
is necessary to understand how both of these methods are applied within the UK. The
most common way in which bricks are recycled is by crushing them and using the
resultant material as a hardcore fill. A large amount of energy is needed in order to
crush bricks, which means that heavy machinery is required. There is a range of
crushing machinery available that is designed to crush materials such as brickwork,
concrete and stone. These machines are expensive and require a lot of room to
operate, so they are only appropriate at sites where there is a large amount of the
appropriate material available for crushing. The crushing process is simple, and any
brickwork chunks can be fed through the crusher without the need to separate the
mortar and bricks. After crushing, the material will be uniformly graded and much
easier to transport than demolition rubble. Hardcore is not a valuable material, and the
cost of running a crushing machine is considerable. However, if there is a large
amount of brickwork rubble to be removed, the substantial cost of transporting it to a

landfill site and tipping can be avoided.

There are several web-based systems that provide information on reclamation
and salvage companies within the UK. The Salvo Website'” provides information on
architectural or garden antiques and reclaimed building materials. The website has
recently been updated, and now includes a database of dealers and restorers which
includes many companies that reclaim bricks, postings for demolition jobs and theft
alerts. In addition, the site also includes a materials exchange scheme, which allows
users to advertise reclaimed materials they have available for sale, or to put in a

request for a particular item that they would like to acquire. There are entries for
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companies looking to buy and sell a variety of reclaimed bricks in this way on the

website.

Recently a new web-based system to locate appropriate recycling companies
has been launched. The Smartwaste Website'®, was launched to “help the
Construction Industry to identify cost savings, improve resource use, improve
productivity” and offers four tools to “help your company apply the concept of
sustainable waste management”. One of the tools available on the website is
BREMAP'?, a system which allows the user to locate recycling and waste
management services in a county or within certain distances from any given postcode.
Figure 2-8 below shows a map taken from the BREMAP, showing the location of
recycling activities near Aylesbury, including Site 77, a typical example of the

brickyards that sell reclaimed bricks.
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Company Activity

| Waste Source
J Waste Management
| Recycling 8 Recovery
] Reclaim & Reuse
J Disposal
| AKemative
J More than one

J Net Specified

Site 77

4AMSTEI

[CHESHAM

Figure 2-8. BREMAP, showing the location of Site 77

(reproduced with permission from the BRE)

Site 77 is situated on just over one acre ofhard standing (ofwhich 840 square
metres is under cover) on a small industrial park that is shared with several other
small companies near Aylesbury. There are three main types of brick available at Site
77, handmade, wire cut and multis, and each have a distinctive appearance. Details on
the bricks that were available when the author visited the site are detailed below,
although it must be stressed that the bricks available at Site 77 change depending on
the demolition work that is being performed in the area. In addition, Site 77 also sells
other reclaimed materials, such as timber, slates, tiles, door and window fittings and

architectural antiques.
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Site 77 is essentially a brick wholesaler and carries out little demolition work;
instead the bricks sold by Site 77 are usually reclaimed by another demolition
company. Brick cleaning is not performed at Site 77; they are prepared at the
demolition site as the old structure is demolished. Any damaged bricks and mortar
removed as the bricks are cleaned can be left at the demolition site. This reduces the
cost of transportation and the need to dispose of the mortar. When demolition work
begins. a sample of the reclaimed bricks is sent to Site 77 in order for the product to
be checked and valued, and if a priced is agreed the reclaimed bricks are delivered to

Site 77 where they are displayed for sale.

When a building is deemed ready for demolition, a brick wholesaler such as Site
77 would attempt to predict the worth of the materials that could be reclaimed and
sold on. Items of value that can be reclaimed are known as “‘credits” and a contractor
will be willing to carry out the demolition for a low price if the value of the credits in
the building is high. Indeed, some buildings may have such a high credit value that
contractors will pay for the right to carry out the demolition because the money
generated by the reclaimed materials will cover the cost incurred in the demolition
process and leave a profit. However, only items that can be easily reclaimed as the
building is demolished have any value. If the masonry in the building was constructed
using a modern hard cement, it is currently very difficult to remove the mortar from
the bricks without causing damage. A demolition contractor will therefore only
consider the value of the bricks in a building if it was built using a soft lime mortar,
which can be easily removed now because it is old and weak. With experience, it is
possible for the contractor to form an opinion on the strength of the mortar by

performing a simple penetration test with a sharp instrument. If the mortar is weak
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enough, it is preferable for the building to be demolished by hand a brick at a time, so
each brick can be individually cleaned and placed on a pallet as it is removed. Ifthe
mortar is too strong to allow the individual bricks to be removed by hand, the walls
can be pushed over with machinery, and the force ofthe fall will loosen bond between
the bricks, allowing them to be picked up and cleaned by hand. This method will
cause damage to some ofthe bricks, and may render some unsuitable for reclamation,
so this method is only used when absolutely necessary. The mortar is subsequently
removed from the bricks by hand using a small light hand axe (see Figure 2-9) and an

experienced person can clean some 1000 bricks in a day.

Figure 2-9. Typical hand-axe used to clean lime mortar from bricks
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The most valuable items in a building are usually the bricks, but roofing tiles
and timber are also frequently reclaimed. Many people believe that a wall of modern
bricks looks too featureless, whereas a wall constructed with old bricks will have
more character. In conservation areas the use of reclaimed bricks may be stipulated to
ensure that the new building fits in with the appearance of the surroundings. In
addition, if it is necessary to perform repairs or extensions to existing structures,
reclaimed bricks can be used to ensure the appearance of the new brickwork matches
the existing structure. This can enable new work to be completed without spoiling the

aesthetics of the structure.

The most expensive bricks available at Site 77 were the oldest bricks that were
made by hand. For example, there was a large number of handmade bricks called soft
reds on sale at a price of £0.80 per brick," although they can command prices up to as
much as £1 per brick at other yards. The soft reds were handmade by skilled
craftsmen, and the soft red bricks at Site 77 have retained a shape that would allow
them to be used for building work. However, there were some soft reds at Site 77 that
have chipped corners and roughly shaped edges as it can be seen in Figure 2-10.
These defects are likely to have been caused by the reclamation process and during

transportation to the brickyard rather that during the initial manufacturing process.

" Prices provided by staff at Site 77 and relate to the time of the visit in 2001.
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Figure 2-10. Close-up of soft red bricks

As with all the other bricks, the units still have some mortar remaining on the
surfaces of'the bricks, but the author was assured that the bricklayer can simply place

the new mortar over the remaining old intact mortar when the bricks are reused.

The second most expensive type of bricks on sale at Site 77 were known as
“multis”, because oftheir multicoloured appearance. These bricks were commonly
made by unskilled craftsmen, who took little care in the construction process. There
were often lumps of foreign material in the bricks, because a common method of
reducing cost at that time when the bricks were made was to crush old bricks and mix
them in with the new bricks before firing. As a result, all the multis on sale at Site 77
were very poorly shaped, with rough edges and missing corners. The poor shape and

irregularities in the brick surfaces mean that it would be difficult to use them in
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building work. However, a skilled bricklayer could use most of the bricks by patching
the holes in the bricks with mortar and laying the bricks so that the damaged areas
would not affect the appearance of the structure. Despite this, the author suggests that
some of the multi bricks that were on sale at Site 77 would not be suitable for the
construction of anything more than a simple structure which requires little strength or

precision, such as a garden wall.

The cheapest bricks available were wire cut bricks. These were not as old as the
more expensive bricks, but they appeared to be better quality than the multi bricks,
and similar to the soft reds in terms of the shape they have retained. They were similar
in colour and appearance to modern bricks, whereas the hand-made soft reds have a
noticeably different colour and texture. Like the multi bricks, some of the wire cut

bricks also contain foreign materials as shown in Figure 2-11.
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Figure 2-1 1.Wire cut brick containing foreign material

Whilst the shape of both the soft red and wire cut bricks would not prevent them
from being used as ifthey were new bricks, the strength properties ofthe recycled
bricks is variable. No quality control regarding the strength ofthe bricks is usually
perform at the recycling yard; the principle applied is that ifthe bricks were part ofan
original structure that remained stable for 100 plus years, they should be strong
enough to be used today. This principle does not always guarantee success, especially
ifthe bricks are not used in the same manner as they were originally used, or have
been damaged during the reclamation process. When buildings are demolished, the
bricks are not graded in any way, so some ofthe bricks that were part of internal walls
in the original structure may be recycled and used externally. Operators at Site 77 ask
what the intended use ofthe bricks will be, and try to avoid selling bricks that are

inappropriate to the customer. In addition, experienced bricklayers will select the
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bricks that are judged to be most suitable for exterior use from those suitable only for
internal use. If this selection is not made correctly and bricks that were used internally
are used externally in new build, the bricks would be subjected to a much greater
attack from frost and other weathering processes than they were prior to being
recycled. The author suggests that it is not always reasonable to assume that a
structure built from recycled bricks will be structurally sound simply by assuming the

recycled bricks would have the same specifications as modern bricks.

It is possible to increase the strength of reclaimed bricks to match the properties
of new bricks produced today. Previous work at Cardiff University *° was performed
to determine if the strength of a brick could be improved by re-firing them. The
investigation was performed using Laybrook Red Multi-stock Pavers, but the same
process would give an increase in strength for any clay bricks, including reclaimed
bricks. Seven bricks from a batch delivered to the university for research purposes in
1997 were used, each of which was cut down to produce a number of specimens one-
sixth the size of a normal brick. The specimens were examined with a electron
scanning microscope and a chemical analysis was performed on four specimens taken
from each full sized brick. This provided information on the initial properties of the
brick, which could be used as a benchmark to determine any effects of re-firing. The
elements found in the bricks (in order with the greatest first) were Aluminium, Silica,
Iron, Potassium, and titanium. This order was correct for each of the samples bar one,
in which the iron content was greater than any other element. It is hypothesised that
this anomaly occurred because that sample was obtained from very close to the

surface of the original brick, where there is more iron to give the brick the red colour.
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An investigation into the possibility of improving the strength of bricks by re-
firing to a greater temperature, or by soaking the bricks in a solution and then re-firing
was detailed. One-sixth-scale bricks taken from the same full-scale brick were re-fired
to temperatures of 1000, 1100 and 1200°C, and an electron scanning microscope was
used to examine the surfaces of the bricks. The surfaces of the bricks were compared
with the benchmark one-sixth-scale bricks, which were not re-fired. At 1000 °C and
1100 °C, fewer voids were present in the surface of the brick. and those that remained
were smaller than the voids in the benchmark bricks. At 1100 °C glassy smooth areas
that had developed during the re-firing process were also identified. The surface of the
bricks re-fired to 1200 °C is very different in appearance to the other surfaces, and it
is suggested that the bricks had begun to melt. A series of one-sixth-scale bricks were
then soaked in a chemical solution for 2 hours before being re-fired. The solutions
used were magnesium sulphate, calcium sulphate and sodium chloride. When these
bricks were compared with the benchmark under the microscope, it was found that the

bricks had an increased magnesium or calcium content depending upon the additive

that had been used.

The report contains the results of mechanical tests completed to determine if the
additive and/or re-firing process improved the structural properties of the bricks.
The tests on re-fired bricks showed that the specimens re-fired at temperatures of
1000°C and 1100°C had gained in strength. The test on bricks soaked in additives and
then re-fired at 1000°C showed an increase in strength of the brick for all the additives
used, although this could simply be due to the re-firing process. However, since some
additives gave greater strength increase than others, it was concluded that some

additives must give an increase in compressive strength. However, the environmental
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and economic cost of the re-firing process will reduce the savings that can be made by
reclaiming the bricks. The author of this thesis estimates that re-firing bricks in this
manner takes over 40% of the energy required to manufacture new bricks (see energy
calculations in Appendix E). Therefore it will be preferable to reclaim bricks that can

be re-used without being re-fired.

2.5.2. Re-use of mortar

In order to recycle brickwork as efficiently as possible, it is necessary to consider not
only the bricks that are recovered, but also the mortar. It is important to acknowledge
the potential for the recovered mortar, instead of thinking of it as a by-product of the

brick reclamation process.

There is little potential for the re-use of traditional lime mortar. The properties
of the traditional lime mortar within old buildings vary a great deal. There was no
defined standard for the production of the traditional lime mortar, giving a large
variation in the proportions and quality of the materials used. There is also a large
variation in the “hardness” of the lime mortar found in old buildings. The texture of
the mortar can be crumbly on the exposed faces and soft and flexible within. The
variation in the properties of the traditional lime mortar found in old buildings would
make it difficult to develop a process to allow traditional lime mortar to be re-used. In
addition, the quantity of brickwork made with traditional lime mortar is small
compared to brickwork made with modern cements and as very little new build is
constructed with traditional lime mortar. Hence there is very little demand for the

reclamation of lime mortar from masonry.

Page 2-36



CHAPTER 2 REVIEW OF LITERATURE

However, there is considerable need for reclamation of brickwork made with
modern cements, and mortar based on a Portland cement is better suited to recycling.
After the bricks and mortar have been separated, the recovered mortar will largely
consist of small pieces of mortar. It may also include some irregularly shaped chunks
of mortar, depending on the method of separation used. The mortar could simply be
used as a fill material in this form. However, with some processing the value of the
recycled mortar could be increased. In order to prepare the mortar for recycling, it is
likely that the first step would require the chunks of mortar to be crushed, reducing
the mortar to a constant consistency. After this process is performed the material
produced would be the same regardless of the separation process employed. Hence
recovered mortar from many different sources could be mixed, and processed together

before reuse.

The crushed mortar recovered from recycled brickwork consists of the
materials that were mixed to make the mortar, so the ingredients present in the
greatest quantities are sand and modern cement. Perhaps the first application that
should be considered for the processed mortar is as a replacement for sand in new
mortar of concrete. It should be possible to replace a large proportion of the sand
within a mortar or concrete with the recycled mortar without any degradation in
performance. In fact, the strength of the mortar or concrete made with recycled mortar
may even be improved. When cement hardens, there are always some particles that do
not fully hydrate. Un-reacted particles within the recycled mortar would be likely to
increase the rate of curing and improve the strength of the bonds formed between the
sand particles. The economic value of recycled mortar that was appropriate for re-use

in this manner would be greater than the value of a fill material in the current market.
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However, the reduction in the quantity of sand required for concrete and mortar
production would achieve environmental savings, because the quantity of sand

requiring extraction from the earth would be reduced.

However, work would be required to study the effects that the additives present
within recycled mortar may have on the new concrete and mortar. For example, the
workability of new concrete or mortar could potentially be affected if it was made

with a recycled mortar that contained impurities.

2.6.  Potential for increased brickwork recycling

Since people first became aware of the potential problems that were being created by
the rapid use of non-renewable resources, there has been increasing recognition of the
need to promote and practise recycling. Today, most governments throughout the
world are adopting policies aimed at maximising recycling within their country.
Despite this, the majority of waste materials requiring disposal today are deposited at
landfill sites. The landfill process involves placing waste materials in large holes in

the ground until the capacity of the site is reached and soil is placed over the top of

1 the

the waste material. In its guide “Managing and minimising construction waste
Institution of Civil Engineers acknowledge that the construction industry is

responsible for producing around half of the waste that is disposed of in landfill sites.

The problems with landfill are numerous and wide-ranging and the cost of
landfill is increasing due to current sites becoming full and higher standards of

management are required when the site is opened and greater pollution control now
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exists when the site is eventually closed are now required**. In 1990 the UK
government published a white paper entitled “This common inheritance™ and began
its attempts to encourage sustainable development. In 1994 “Sustainable development

~ the UK strategy”*" was published. which included the waste management hierarchy

reproduced in Table 3-1 below.

1 Reduction By using technology which requires iess material in products and
produces less waste in manufacture, and by producing longer
lasting products with lower pollution potential.

Most

2 Reuse For example: returnable bottles and reusable transport
packaging

3 Recovery Finding beneficial uses for waste including:
Materials recycling to produce a useful product
Composting — creating products such as soil conditioners and
growing media for plants
Energy recovery — producing energy by burning waste or by
using landfill gas

Least favourable

4 Disposal By incineration or landfill without energy recovery

Table 3.1 - The waste management hierarchy **

The reclamation and re-use of bricks falls into the second category of Table 3.1,
crushing and recycling bricks is in the third, and disposing of bricks in landfill site is
the fourth and the least desirable option. Therefore the re-use of bricks in their
original form is the most favourable option for bricks that can be recovered from an
existing building when it is demolished. Crushing bricks for re-use as a hardcore fill is

still preferable to dumping them in landfill, which should be avoided if at all possible.
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In 1996 the UK government published a National Waste Strategy “Making

waste work ™ which set out the series of targets below.

e To stabilise house waste productions levels at 1995 levels

e To reduce the proportion of controlled waste going to landfill to 69% by
the year 2005

e To recover 40% of municipal waste by the year 2005

e The provision of close to home recycling facilities for 80% of the
households by the year 2000

e For 40% of domestic properties with a garden to carry out composting

by the year 2000

The government has remained committed to increasing taxation on landfil*® to
encourage alternative methods of waste disposal. In addition to increasing taxes on
the disposal of old bricks, there will also be rises in the taxes levied on the extraction
processes involved in the production of new bricks. The main constituents of new
bricks are clay and shale. Extracting such raw materials from the earth lead to a
negative environmental impact. The increased production cost to “offset” the
extraction tax is passed on to the cost of newly manufactured bricks, which would

give reclaimed bricks a greater saving potential.
Brick reclamation is currently only practised at small yards and the majority of

bricks used in construction in the UK are new bricks manufactured by the larger

companies. However, with the future rises in land fill and extraction tax charges
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intended by the government, recycling will offer a way for brick manufactures to save

an increasing amount of money in the future.

There are important savings to be made by practising all forms of recycling, but
additional advantages apply if the bricks are reclaimed. Reclamation is usually
preferable to recycling, because there is less energy expenditure involved in changing
the materials into their new form and the end product is usually more valuable. A
large amount of energy is required in the process used to manufacture new bricks, and
so there is a large potential saving if reclaimed bricks were used instead. Re-using
bricks in a crushed form does not make this saving, and therefore is less efficient
(hence the potential economic and environmental saving is less). Despite this,
crushing bricks is far more common in the UK than any other recycling process at this

time.

In order to use bricks for reclamation, it is necessary for the items to be in a
suitable condition for them to meet a standard fit for re-use. The durability of bricks
means that they will remain in a suitable condition for reclamation for a long period
of time even if they are stored outside. However, additional care must be taken during
the demolition process to ensure that the bricks are not damaged. This involves
performing a careful demolition of the old structure without the excess use of heavy
plant, which increases the time it takes for the demolition to be completed. In
addition, it is necessary to remove most of the old mortar from the brick so that the
faces are clean enough to allow the bricks to be re-laid successfully. There are
problems with the current methods used in small brickyards, which are detailed above

in Section 2.5.1. Unless the mortar is weak and soft it is too difficult to remove it from
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the bricks using a hand axe. The harder the mortar, the longer it takes to clean each
brick, and more mortar will remain on the bricks, making them less suitable for reuse.
Cleaning bricks in this way is labour intensive and the labourers need experience" in
order to clean the brick well enough to make them suitable for reuse. In addition, any
new construction that is planned for the site after the demolition of the existing
structure can not begin until all the bricks have been removed and cleaned. This is a
big disadvantage as there are often tight deadlines set for the completion of new
buildings that do not allow the necessary time to clean and reclaim the bricks from the
old structure. These limitations mean that this kind of recycling process can only be
used when demolishing an old building on a site that is not needed for immediate
redevelopment, and only then when the bricks that can be reclaimed are worth enough
money to cover the cost of the skilled labour required to recover them. However, the
reclamation methods used in the UK, at brickyards such as Site 77, are very simple.
With the application of modern technology it may be possible to develop a new

process that does not suffer from these problems.

The UK construction industry could make a significantly large reduction in the
amount of the bricks that are currently placed in landfill sites by reclaiming more for
re-use, using methods such as those used by Klang et al %7 This would have a
significant effect on the total amount of waste placed in landfill site in the UK.
Furthermore, the author believes that if further development was performed to
improve the current methods of brick recycling the financial savings would make it
economically worthwhile for companies to make the investment needed to adopt

recycling technology. However, it is likely that it would be difficult to persuade

" Typically an hour of training and a day of supervision

Page 2-42



CHAPTER 2 REVIEW OF LITERATURE

companies to invest in recycling technology without seeing a demonstration of the
processes working successfully on a large scale and proof of the resulting financial
savings. It is the development of the new technology and persuading a company to

give it an effective trial that will be the most difficult stages to achieve.

2.6.1. Possibilities for new brick recycling technology

The author believes that many industries, including the brick industry, could be
improved by adopting recycling processes. The prime difficulty to overcome is
persuading the relevant industries and individuals to adopt any new recycling
technologies and carry them out effectively. Companies usually require proof that
there are savings to be made by adopting the technology before they will consider
making the necessary investments. It is difficult to develop successful recycling
techniques without financial investment and it is usually very difficult to obtain
funding for projects to develop recycling techniques. This has meant a worrying lack

of research into recycling techniques for demolition material and construction waste.

Klang et al ’performed a case study considering the environmental, economic
and social aspects of recycling and re-using steel, bricks and porcelain sanitary ware.
An “electronically-powered hydraulic machine with steel edges” manufactured by
KomServ was used to reclaim the bricks. Two people were needed to operate the
machine, and two other people brought the bricks to the machine and stacked the
cleaned bricks onto pallets. The emissions required to generate the electricity to
power the machine were compared with the emission generated during the creation of
new bricks. In this way it was found that the environmental impact of reclaiming the
brick was only a small fraction of the potential impact of primary production. During

the study the reclaimed bricks were re-used on site, and no transport was necessary.
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However, using data from a previous study by Klang et al. it was calculated
that it would be possible to transport the bricks a distance of 15000 — 20000 km
before the CO, emissions would become similar to those produced during the
manufacture of new bricks. Additional calculations performed in Appendix E based
on information provided by Klang show that reclaiming bricks using this process used
less than one percent of the energy required to manufacture new bricks. This clearly

shows that environmental savings could be made re-using bricks using this method.

A workforce of four was needed to operate the brick cleaning machine, which
therefore incurred a high wage bill. The labour costs accounted for 99% of the cost of
the reclaimed bricks »’, although it should be noted that a team of five people were
used and the labourers were paid at a rate for skilled workers. Despite this, the case
study reported that brick cleaning would still be economically sustainable” even if
the labourers were paid at a rate on a par with regular construction workers. However,
the majority of the workers who operated the machine rated “one or more phases of
the brick cleaning procedure as unsatisfactory or highly unsatisfactory”. The main
reason cited for this was the weight of the bricks, as much as Skg, which were moved
by hand. The project managers introduced measures to minimise the manual handling
and lifting of bricks, but the report does not give an indication of the success of these
measures. It was also noted that brick recycling using this kind of process takes time,
and that therefore “the mere fact that a recycling or re-use activity is economically
viable is therefore not enough to ensure that it is carried out.” This present author
believes that this case study is a good example of the environmental and economic

savings that can be made.
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There are several processes that could form the basis for a machine to reclaim
bricks from brickwork. Mortar can be cleaned from bricks by simply placing them in
a container and then covering it with a 10 — 25% Hydrochloric Acid solution.
However, there are a number of issues that lead the author to believe a process based
on immersing the brickwork in acid would not provide a practical method of brick
recycling. In order to separate and clean full-scale bricks in quantities large enough to
enable a significant environmental saving to be made a large volume of acid would be
required. The acid could be re-used a number of times, but over time it would become
less effective, and require replacing. Hence a there would be a regular need for large
quantities of acid. Furthermore, the “used” acid would need to be disposed of in an
environmentally sensitive manner. In addition, the production of acids requires
energy, and generates by-products that cause damage to the environment. The
environmental savings by reducing the amount of bricks requiring landfill would have
to be considered against these adverse environmental effects. Acid is expensive,
making it very difficult to recycle brick economically. In addition, the steps necessary
to meet the health and safety requirements for such a procedure would be

considerable.

A variety of mechanical cutting and abrasion processes present possibilities.
The main difficulty with this approach is to design a machine able to identify the
position of the joint between the bricks and the mortar and manipulate the specimen to
enable the separation to be made in the correct place. However, it could be possible to

develop a method of separating brick and mortar using less obvious methods.
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During previous work at Cardiff University, it had been observed that couplets
made from one-sixth scale bricks placed in an ultrasound bath often broke into the
two bricks and a separate piece of mortar.”® 2° This process seemed promising, as the
couplets were cleaned in less than three minutes and the surfaces of the bricks were
left undamaged and the clean mortar and suitable for reuse. It was therefore decided
to perform an investigation of this process in order to determine the reasons behind
the separation, and determine if it would be possible to use the same process on full-

scale bricks.

In contrast to the extensive information available concerning the construction of
brickwork structures, there is very little information available on how to dispose of
brickwork structures efficiently. There have been four previous small studies into the

possibilities for further brick recycling at Cardiff University.

Boon Seng ® (1998) considered the possible demand for any recycling
technology that could be developed. The main content of the MSc thesis considers
current recycling processes and products. The report differentiates between the
non-homogeneous mixture produced by rapid low technology processes (i.e. a typical
demolition with heavy machinery such as a wrecking ball, bulldozers etc.), and the
sorted piles of homogeneous materials that can be achieved with careful selective
demolition. The economic performances of these methods are considered. The report
explains that of the two methods, a selective demolition is more expensive than a
rapid demolition but has the advantage that it renders materials that require less
processing before they are in a state that is suitable for recycling. However, it fails to

identify which is the most economical overall method. The report then considers the
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processes that occur at the recycling plant and the different machines that can be used.
The report identifies two main products that can be produced from recycled bricks. It
states that bricks can be cleaned and used in their whole original form, but this
requires the bricks to be in good condition after demolition; the report briefly

considers the possible uses for of crushed bricks.

A feasibility study for recycling brickwork conducted by Boon Seng® covers
two areas, the availability of structures that require demolition, and the market for
recycled brick products. The report attempts to predict the amount of brickwork from
housing that will be suitable for demolition “from 1997 onwards™ by assuming that
houses become unfit for occupancy once they were 50 years old. The paper considers
data concerning the numbers and ages of houses to calculate how many houses will be
likely to be demolished. By estimating the average number of bricks in a typical
house, the paper also determines the total number of bricks likely to be available for

recycling in 1997 to be 150 billion.

The author of this thesis believes that assuming a house will typically be
demolished 50 years after construction is difficult to accept, as many houses remain
serviceable for more than twice this length of time. Therefore the author of this thesis
suggests that the figure of 150 billion is likely to overestimate the number of bricks
available for recycling in 1997, and the calculation would be more accurate if a
100-year life was assumed for houses. However it is acknowledged that assumptions
do need to be made when there is insufficient data to make a more accurate prediction
and the figure determined in the report is clearly intended only to be a rough estimate.

Boon-Seng decides that this approximation provides sufficient evidence to conclude

Page 2-47



CHAPTER 2 REVIEW OF LITERATURE

that enough bricks will be available for demolition to make developing brick
recycling technology a worthwhile goal, and the author of the current thesis concurs

with this conclusion.

The report considers the market for recycled brick products and concludes that
if the quality of the recycled product is similar to original products there will be a
market for recycled brick if they are competitively priced. The report highlights areas
that influence the cost of producing recycled bricks and identifies that the economical
viability of brick recycling will be dependant on the speed and efficiency of recycling,

and government policy.

In conclusion, the report claims that brick recycling is a viable concept that is
environmentally sound, with a large supply of bricks for recycling which can be used
instead of original bricks. However, the report identifies that with funding for
recycling technology being difficult to achieve, a lack of standards and specifications
for recycled products, low landfill taxes and unlimited, untaxed extraction of raw
materials being possible it will be difficult to maintain a profitable and stable market

for recycled bricks.
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3. Theory

3.1.  Chemical processes that occur during curing

The mortar found in structures today can be categorised into two distinct types.

Modern mortar made with a Portland Cement hardens because of the chemical

reactions that take place. The key chemical ingredients contained within a Portland

Cement are lime, silica, alumina and iron oxide. These components are combined and

fired within a kiln, following the process summarised in Figure 3-1.

Clay

i

to wash mills

J

<— Water

CLAY SLURRY

wet grinding in a mill

J

sieving

J

mixing in storage tanks

L |

firing in a rotary kiln

—
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i

crushers

J

CRUSHED LIMESTONE

CEMENT CLINKER

e

clinker hopper

&

dry grinding in a ball mill <=

{

3to 7% GYPSUM ADDED

ORDINARY PORTLAND CEMENT]

Figure 3-1. The key stages in the production of Portland Cement
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During the firing process the ingredients react to form a number of new
substances. When this mixture is taken from the kiln and allowed to cool it becomes
stable, save for any un-reacted lime. The chemical composition and method of

evaluation of a typical Portland Cement is shown in Figure 3-2.

substance percent
Ignition loss 2.0
Insoluble residue 0.5
Si0, 20.0
ALOs 6.0
F6203 3.0
CaO 63.0
MgO 1.5
SO; 2.0
K,;0 1.0
NaZO

Balance 1.0
Total 100

Figure 3-2. Chemical composition of a typical Portland Cement

(taken from Czernin®®)

Most of the elements present within cement are combined with oxygen, and
hence the process that occur are usually considered to occur between their oxides *'.
When water is added to the cement a water-cement paste is formed and a series of
chemical reactions are triggered within the paste. The full extent of these chemical
reactions is too complex to be fully explained in this thesis, but the key processes that
cause the gain in strength can be identified. The names and chemical compositions of

the key components involved in the hardening process of Portland Cement are shown

in Table 3-1.
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Name of compound

Oxide composition

Tricalcium silicate (CsS) 3Ca0. SiO,
Dicalcium silicate (C,S) 2Ca0 . SiO;
Tricalcium aluminate (C3A) 3Ca0 . AlO;

Tetracalcium aluminoferrite (CsAF)

4Ca0 . AIOQ _ Fe03

Table 3-1. The Main components of Portland Cement (taken from Neville

32)

When the cement is mixed with the water, the tri-calcium silicate breaks down and

hydrated calcium silicate and calcium hydroxide are formed. The oxides within the

cement paste are then hydrated as they react with the water. These reactions are

highly complex and are considered to be outside the scope of this thesis. Indeed, it is

recognised that “there are still uncertainties with regard to this scheme of the

9 31

reactions”.” It has been shown that the oxides within the cement paste hydrate at

different rates, which are initially proportional to the rates with which they hydrate

when in pure form, as shown in Figure 3-3.
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Figure 3-3 - Rate of hydration of the oxides present within cement

(taken from Neville *%)

The rate at which the cement paste hardens depends on a number of factors, including
many variables that are difficult to control. This makes the rate at which cement
develops strength difficult to predict. However, manipulating the ratios of the oxides
present within the cement can influence the hardening process. This allows the
properties of cements to be determined by specifying the mix proportions for the

substances within the cement.

A traditional lime mortar hardens as it reacts with water within the
environment. Lime mortar is applied to the bricks as a “putty”, and hardens slowly
over time. There are two different types of lime, which are known as non-hydraulic
lime and hydraulic lime. Non-hydraulic lime initially relies on the reduction of
moisture within the mortar, which typically occurs through water loss to the

environment or to the bricks as evaporation occurs. This enables slow carbonation to
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occur, and the mortar hardens further. Hydraulic mortar does not need to “dry” before
hardening can occur, as it sets by chemical reaction with water, enabling it to harden

in wet conditions.

Traditional lime mortar hardens very slowly and may only do so on the
surface. This is especially true of mortar that is not exposed to the air, as this inhibits
the hardening process. Even mortar in very old structures that is fully cured remains
far weaker and more flexible than modern mortar. In addition, traditional lime mortar
remains highly porous even when fully hardened. These three properties are often
beneficial to old structures. The flexibility of the mortar provides considerable
freedom for movement to occur without any structural deficiencies occurring. Lime
mortar is sufficiently porous that it enables a structure to “breathe”, letting water
evaporate out and providing ventilation to the structure. This was a considerable

advantage in the days before cavity walls and modern heating.

3.2. Failure of brickwork

Work has been performed to establish the factors that determine the strength of
brickwork for many years.>” ** >> The majority of this work has considered brickwork
in the state that it is mostly frequently used, and has therefore usually investigated the
failure of columns loaded in axial compression. A typical failure of a brickwork
column tested in this manner is shown in Figure 3-4. In this figure four vertical cracks
parallel to the axis of loading can clearly be identified. The brickwork on the left of

the column has split away from the rest of the column by the largest crack.
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Figure 3-4 - Failure ofa brick column

It is difficult to predict the strength of brickwork because of its compound nature. The
load that will result in the failure ofa brickwork structure is generally much smaller
than the nominal compressive strength ofthe bricks, but greater than the cube
crushing strength ofthe mortar. Hendry 7 surmises that a brickwork column load
tested under an axial load will fail by #he development oftension cracks parallel to
the axis of loading”. This failure mechanism can be seen in Figure 3-4. A
representation ofthis failure mechanism for a brickwork couplet is shown in

Figure 3-5.
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Applied load

Figure 3-5 - The stresses developed in a couplet subjected to an axial load.

The nature ofthis failure mechanism shows that cracking is a key part ofthe
failure ofbrickwork. Therefore it is necessary to consider the process that causes
cracks to develop within a material. There has been a significant amount of work
performed on the role ofcracking in the failure of structures. Irwin observed that there
are three fracture modes that can cause cracking to occur, as shown in

Figure 3-6.
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Mode I - opening Mode II - shear Mode III - tearing

Figure 3-6. The three modes of fracture

(taken from Broek *°)

All materials contain inherent flaws within them, including small cracks. In addition,

cracks can be induced within a material during loading.

In Smith®” elasticity theory is used to determine the stress at the edge of an
elliptical opening subjected to remote stress ¢ as shown in Figure 3-7. For such a

situation the stress ¢ can be evaluated using the following equation:

a
o, -0'[l+2\/%] (N

where O, is the stress at the edge of the opening
o is the plane stress
a is the half length of the opening
R is the radius of the curvature at the edge of the ellipse
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v v v v T e * T * *

Figure 3-7. Elliptical crack in a tensile field

(taken from Owens and Fawkes 38)

o
The ratio of — is know as the stress concentration factor. It can be shown
cr

that for a circular opening where R is equal to a the stress concentration factor will
have a value of 3.37 However, circular cracks are not usually found in material.
Instead a crack begins as a hairline crack with a negligible width. If Equation (1) is
applied to a hairline crack, the radius of curvature at the end ofthe crack becomes

very small. As R tends to zero, the stress concentration and hence o ytends to infinity.

However, in practise o ycan not exceed the material yield stress, and consequently a

plastic zone develops at the tip ofthe crack, as shown in Figure 3-8.
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Figure 3-8. Hairline crack in a tensile field

The stress developed at the tip of a hairline fracture can be evaluated using the

following equation taken from Smith *’:

o K
s @
where O
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