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ABSTRACT

Aspects of the Tensile Strength of Brick-mortar Joints.

S.d. White.

The main purpose of this work is to assess the
factors which affect the tensile bond strength of.brick-
mortar joints and to verify their relative importance,
both by reference to the literature, and by experiment-
ation. From these investigations the most important
aspects are seen to be the absorption of water from the
mortar by the brick, and the grade of the mortar.

Almost one thousand tensile bond couplets were
tested using a newly devised apparatus which has several
advantages over existing test methods. Four experimental
programmes were carried out, each of which was designed
to investigate .one or more of the factors which were
judged either to be of particular importance, or to be
inconclusive, or both.

Arising out of the main section of the work was the
tensile strength hypothesis. This is capable of showing,
in & qualitative way, how the tensile strength and mode
of failure of a brick-mortar joint can be related to the
properties of the mortar and the brick. The hypothesis
draws upon concepts from other disciplines, such as soil
physics, in order to describe the physicél processes
which are important. Accordingly, it is the way that a
brick absorbs water from the mortar that will have the
most profound effect on the subseguent processes of
hydration and strength development within the mortar.

In order to provide some evidence in favour of the
hypothesis, pilot studies were carried out to determine
the moisture characteristics of mortar and to furnish
data on the hydration products within the joint. Whilst.
these pilot studies had their limitations, the results
were encouraging.

Recommendations are made regarding future develop-
ments of the hypothesis from a theoretical and a pmctical
viewpoint.
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1. INTRODUCTION

Brick masonry is one of the oldest forms of cons-
truction which is still in common use today, and is
traditionally based on small manageable masonry units in
combination with a simple binder/filler in order to
produce monolithic structures built essentially by hand.
During the early part of this century it became apparent
"that the behaviour of brickwork depends in a very complex
way on properties of the components and on the nature of
~their interaction. Historically, the design philosophy of
structural masonry was such that tensile stresses were
not permitted to occur and so the tensile strength of
brickwork was not considered. Nowadays, however, economics
plays an increasingly important role in the design and
construction of buildings which tend to be taller and
more slepder. Consequently it has become essential to
develop a sound understanding of the tensile and flexural
behaviour of brickwork.

In‘résponse, much valuable work has beenvdone over
the last fifty years in identifying the most important
factors affecting the tensile and flexural strength of
brickwork (41-5). The contributions of these and other
workers will be presented in detail in the next section.
It will be shown that opinions have often been conflicting
and that the present level of knowledge is not adequate.

It is indicative of the state of the art that the
recent code of practice, (Structural use of Masonry,
BS5628; Part 1:1978) deals only briefly with the question

of the tensile strength. Clause 2.1 states



"In general, no direct tension should be allowed in
masonry. However, at the designer's discretion half
the values in table 3 may be allowed in direct
tension when suction forces arising from wind loads
on roof étructures are transmitted to masonry walls,
or when the probable effects of misuse or accidental
damage are being considered."
This gives characteristic.tensilé strengthé (N/mm?)
shown below, which were obtained by dividing the
characteristic flexural strengths given in BS5628, table

3 by 2.

Mortar designation (1) | g;%} | (iv)
Clay bricks having water - ==
absorption <7% 0. 35 0.25 O.éO
7%=12% ] 0.25 0.20 0.175
>12% 0.20 0.15 0.125

It is not clear from BS5628 why tensile stresses of
this magnitude are allowed without regard to many factors
of critical importance. Indeed, recent unconfifmed
undergraduate work hés shown that £ensile strengths may
be as low as 20% of the flexural strength (6).

Clearly there is a need for a better understanding
of the mechanisms involved in the development of tensile
strength in a brickwork joint, and it is for this reason

that .the present research project was initiated.



2. _REVIEW OF LITERATURE ON THE FACTORS AFFECTING BOKND

STRENGTH.

Many factors have been reported in the literature as
being of importance and it seems that they interact in a
complex way. The following sections deal individually
with the main factors and summarise the opinions of
various workers on the effect that they have on the bond
strength. Attention is confined to tensile tests except
where conclusions of particular importance have been
obtained from flexural or other forms of test.

2.1. Suction Rate of Brick.

Almost all workers have realised that probably the
most important property involved is the suction rate or
initial rate of absorption of the brick, which is defined
" as the mass of water absorbed vertically by unit area of
the bed face of a brick in one minute, Palmer and
Parsons (1) concluded that bond strength increases from a
very low suction rate to a maximum at about 1kg/m2 min
and then decreases, with the rate of decrease depending
on the retentivity of the mortar. Collin (7) was in
general agreement although comparative values for suction
rate are not available due to Collin's method of measure-
ment. His "rate of capillary absorption" measured the
height of the water line on the brick at particular
times. He stated that bricks of medium sbsorption rate
- gave the highest bond strengths and that bricks of high
absorption rate gave low bond strengths, although the
latter could be improved substantially by Wetting the

bricks before use. Parsons (8) reported that high suction



rate woulé give poor extent of bond and that an optimum
value lies in the range 0.3-1.41kg/m? min, although his
cbnclusions were based on flexural, rather than direct
tensile tests. These results were later contested by
Whittemore and Dear (9) who pointed out that although
bond strength tends to decrease with increasing suction
rate, this relationship depends upon the type of brick
and any conclusions drawn may not be applicable in a
different situation.

Forkner et al (10) and Johnston et al (11) confirmed
the general trend of decreasing strength wifh increased
suction rate but Habib and Leeds (12) made some important
observations on tﬁe way in which the rate of absorption
chenges with time. Tﬁey considered not the one minute
suction rate, but the instantaneous sbsorption rate in
grammes per second. Their method reguired the weight of
absorbed water to be determined at various short intervals
of time, up to several minutes. fro& these résults, the
amount of absorbed water was plotted against time for all
bricks, the slope of the graph giving the instantaneous
absorption rate., Bricks were then chosen in pairs and
from the absorption graphs.of each, the pre-wetting time
was determined so that the initial asbsorption rate wss
the required value, ranging from O.Lg/sec to 2.0g/sec.

An optimum value was found to be about 1.2g/sec, which
corfesponds to a suction rate of approximstely 1-2kg/m2
min according to their published ébsorption curves. How-
ever, their results were erratic and later work by

Philip (13) shows that the water absorption behaviour,



even from a free water source, depends strongly upon tﬁe‘
characteristics of the dry brick and upon its moisture
content and not simply upon the instantaneous rate of
absorption,

In a comprehensive review of the literature, Youl and
Coats (1&) concluded that the optimum suction rate is
about 1.0-1.2kg/m? min although Kampf (3) suggested about
half that value and Ritchie and Davison (15) give 0.5-1.0
kg/m2 min as the optimum. The general trend of increases
in suction rate giving reductions in bond strength was
confirmed by Albfécht and Schneider (16) and by Fishburn
(17).

By collecting data from previous workers, Grimm (5)

has formulated an expression for the bond strength as

- follows:

£y, = 0.005 [1.8+(F-105)"](40-A)(124-t )

in which fp is the cross-brick couplet bond strength in
pounds per square inch; F is the initial flow of the
mortar as measured by the flow table test described in
BSL4551:1980; A is the percentage air content of the mortar
by volume; and tp is the mortar exposure time in seconds.
Suction rate however, is not a variable in this expression
and Grimm merely states that this parameter should be in
the range O.1-1.0kg/m? min.

 Morgan (18) pointed out that the long-term effects of
brick suction are egually as important as the short-term,
because if too much water is removed at a later date the
mortar may become dehydrated and hydration wiil be

inhibited. Morgan also pointed out that for optimum



behébiour there must be compatibility between the suction
rate of the brick and the retentivity of the mortar. This
idea is also put forward by‘Sneék (19) who says that the
characteristics of water absorption from a bed of mortar
may not be difectly related to the absdrption from a free
water surface. |

This and the earlier theoretical work of Philip (13)
on water absorption shows that brick suction is a complex
property whose effect is not independent of other factors.
Pearson (2) recognised this'when he concluded that bricks
of the same suction rate may not produce'the same stiff-
ening_effect in the mortap because of the presence of
unknown variables.

2.2.ﬁBrick Type and Texture.

The importance of brick type and texture has been
reported by some workers to be as great as the importance
of the suction rate. For instance, Palmer and Hall (20)
;reported that smooth dry-pressed clay bricks of high
absorption give higher bond strengths than rough side-cut
stiff-mﬁd clay or shale bricks of low water absorption.

Evidence iscyﬁte often conflicting and reports, even
by the same authors, may contradict one another. Whitte-
more and Dear (9) concluded that bond strength was highest
for smooth bricks, but later, Johnston, Dear and Whitte-
more (11) stated that roughness seems to have no effect
: and'that shale bricks are stronger than clay in bond. The
same year, Forkner, Hagerman, Dear and Whittemore (10)
reported tnat stiff-mud clay gives the highest strength

and that the effect of roughness cannot be considered



separately from the effects of brick: composition,
although they conclude that generally, better bond is
achieved, with rough bricks.

According to Thornton (21) the extent of bond is
impaired by the use of rough, scored or sanded bricks
because water is drawn away from the contact zone by
capillarity.

Kampf (3) attributed the difference in performance of
wire-cut and moulded bricks to differences in their
surface texture. The difference is less for bricks of low
suction rate, he stated, because these bricks have been
burned to a higher temperature at which differences in
surface texture disappear.-

According to Hogberg (22) and Morgan (18) calcium
silicate bricks do not behave in the same way as clay
bricks. Their absorption-time relationships indicate that
they exert suction forces over a prolonged period whilst
having only a moderate initial rate of absorption.

The effect of brick perforations seems to be in some
doubt. Forkner et al (10) and Kampf (3) stated that cored
bricks exhibit similar bond strengths to solid bricks,
although Ritchie and Davison (15) reported that the latter
are superior, at least for low suction rate bricks.

Habib and Leeds (12) and Waters (23) suggest that the
microtexture of the brick surface could have some bearing
on the bond strength and reported that transfer of fine
cement particles takes place, their penetration into the
brick depending upon the relationship between the cement

particle size and the brick pore entry diameter.



2. 5. Sand.

Sand constitutes about two thirds of .the volume of
mortar and might be expected to have a significant
influence on the properties. A review by Youl and Coats
(14) summarises the effects of sand composition, particle
shape and grading on workability and water requirement,
and reéches the conclusion that the best results are
obtained using rounded, rather than sharp, sand grains.
Bloem (24) points out that the ASTM grading limits 4o not
give a definitive indication of usefulness and that some
sands, which lie outside the limits, are perfectly
adequate in practice. In particular, sands beyond the fine
limit behaved well. He goes on to show that water demand
depends upon the grading of a particular sand that has
been regraded, but that different sands of identical
gradings may show quite dissimilar behaviour.

Hogberg-(22) reports,that the sand grading affects
volume of voids and the ratio of water to binder (cement
+ lime), and that well-graded sands give a lower volume of
voids and a lower water/binder ratio. Sneck (419) reports
that fine sands give higher bond strengths than coarse or
standard sands, using clay bricks with a suction rate of
 3-Lkg/m? min.

2.4. Cement Content of Mortar.

The compressive and tensile strengths of mortar are
simply related to the cement content, but the situation is
more complex with respect to the bond strength between |
bricks and mortar. Palmer and Hall (20) report that a 1:3

mix gives about 50% higher bond strength than 1:1:6.



Paléer and Parsons (1) later added that high cement
mortars give higher bond strength, but with a good deal
of séatter, and if high suction rate bricks are used the
bond may be poor with the same mortar. Forkner et al (10)
however, conciuded that for stiff-mud shale bricks of
moderate suction rate (0.5-1.0kg/m? min), 1:1:6 and 1:2:9
mortars gave the best results, with 1:%:3 considerably
weaker, At higher consistency, however, the differences
were not so marked.

Copeland and Saxer (25) agree that strength increases
with cement content but Fishburn (17) was more cautious,
stating only that the "intensity" of bond depends
indirectly on the cement content.

Hogberg (22) found that generally, bond strength
increases with cement contént, although on a very porous
base, 1:6 is better than 1:3. He recommends & binder/sand
ratio ofl1:5—6.

A multiple regression analysis has been carried out
by Huizer (26) to discover the relative importance of
varioué factors with respect to the flexural bond
strength. In this investigation there appears to be a
linear correlation between flexural bond strength and
sand/cement ratio using a pressed clay brick with a

suction rate of 3.3kg/m? min.

2.5+ Lime Content of Mortar.

| The variation of lime content is closely connected
with the cement content as it ig usual to maintain a
constant binder/sand ratio, by volume., It is apparent,

however, that some of the effects on the mortar



properties are due to the addition of more lime, rather
than the reduction of cement. Kampf (3) quotes these
effects as being an improvement in water retentivity and
workability and a reduction in shrinkage., He also states
that a greate; proportion of lime improves bond on high
suction rate bricks but has the opposite effect on others.

2.6, Mortar Consistence and Workability.

Consistence is a measure of the rheological proper-
ties of mortar and is determined by the dropping ball
test described in BS4551:1980. Workability is a more
subjective property describing the ease with which a high
- quality joint can be formed.

' It has generally been found that mortar should be
used with the consistence as high as is convenient,
particularly when high suction rate bricks are used (for
example Parsons (8), Habib and Leeds (412), Ritchie and
Davison (415) and Hogberg (22)). According to Whittemore
and Dear (9) the effect of higher consitence is to improve
the bond efficiency (ratio of bond strength to mortar
tensile strength) and to give rise to a higher percentage
of failures in the mortar itself. Grimm (5) points out
fhat in order to achieve good bond the mortar should have
the ability to flow into the surface voids of the brick.
His expression for the'bpnd strength (given in full in
section 2.1.) includes the factor [1.8+(F-105)"), where F:
is fhe flow of the mortar as a percentage. It can eesily
be seen that & small increase in flow will, if the
eipression is valid, produce a larger proportional

increase in bond strength. There are, however, dangers

- » 10



involved in artificiélly increasing the workability by the
use of plasticizers, as this can be detrimental to bond
(Thomas (27)).

Closely allied to the properties of consistence and
workability is the water/cement ratio. It is well known |
that in concrete practice, strength reduces as the water/
cement ratio increases. This is also true, according to
Boynton and Gutschick (28), in the case of mortar tensile'
and flexural strengths. however, in brickwork, the
situation is more complex because of the effect of brick
suction. Hogberg (4,22) and Sneck (19) claim that the
bond strength depends on the water/cement ratio after,
suction, as this is more relevent to the hydration
reactions than is the initial water content.

It is obvious that a higher initial water content
will result, after suction, in a higher final water
content in the mortar. If the tensile strength of the
mortar within a brickwork joint depends inversely on the
water/cement ratio then, the mortar with the highest
initial water content should be the weakest. However, the
workers mentioned above concluded that high consistence
mortars give higher bond strengths, which may be due to
better brick to mortar contact of the wetter mortar. This
would also account for the observations of Whittemore and
Dear (9) that the location of the failure surface in a
tensile bond test seems to be close to the interface for
lower consistence mortaré and away from the'interface for

wetter mortars.

11



2.7. Consistence Retentivity of Mortar.

The properties of consistence retentivity and water
retentivity as described in BS4551:1980 are.closely
related and will affect bond strength in the same general
way. Indeed, ﬁost workers do not distinguish between the
two, and simply use the term retentivity.

Palmer and Parsons (1) and Parsons (8) concluded that
bond strength is improved by increased retentivity and
that the effect is more marked if bricks of high suction
rate are used. Thornton (21), Ritchie and Davison (15) and -
Ryder (29) confirmed the general opinion that higher
retentivity is beneficial to bond. Doubts have been
raised, however, beginning-with Hogberg (22) who suggested
that high suction rate bricks perform best with a low
retentivity mortar having a high initial water content.
Morgan (18) arrived at the same conclusion for calcium
gilicate bricks. Hogberg (22) also reported fhat because
of the stiffening effect of brick suction, the properties
of the lower brick are of greater importance than those of
the upper brick. These conflicting conclusions again
demonstrate the complex nature of the problem and show
that the property of retentivity is of some importance
despite the ' results of Huizer (26) who.calcu—
lated that retentivity is the least significant oflthe
variables he studied.

2.8. Air Content of Mortar.

Whilst the effects of retentivity have been studied
 for many years, it is only comparitively recently that the

significance of the air content of mortar has been

12



realised. Air in mortar is known to affect the workability
and retentivity in a way, according to Kampf (3), similar
to lime, and that a high air content reducés bond strength'
for.low suction bricks and increases bond strength for
high suctidnibricks. Although higher air contents give
improvements in workability and retentivity, it is the
unanimous opinion of Copeland and Saxer (25), Hogberg (22),
Grimm (5), Huizer (26) and Beningfield (30) that bond
strength is reduced as a résult.

2.9, Suction Rate Adjustment of Bricks.

Another method of counteracting the effects of a
high suction brick is by pre-wetting in order to reduce
the absgorptive forces. The result most often quotéd is
that wetting high suction rate bricks will improve the
bond, whereas wetting low or medium suction rate bricks
could decrease the bond strength, for example, Palmer and
Hall (20), Collin (7), Kampf (3), Albrecht and Schneider
(16). Wetting must not be overdone, however, or a film of
water may form on the surface of the bfick, which would
be detrimental to the bond strength. Forkner et al (410)
and Hogberg (22) point out that the bond strength
obtained using wetted high suction'rate bricks will not
be as high as with bricks having an originally low
suction rate. This behaviour would account for the
scatter in the results of Habib and Leeds (12), who
wetted bricks of different initial absorption rates by
amounts necessary to reduce the absorption rates down to
some chosen value,

‘Ryder (29) states that bond strength with high

13



reteniivity mortars is reduced wheﬁ bricks are wetted and
with low retentivity mortars wetfing improves the bond.
Hogberg (22), on the other hahd,'reports that using a 1:3 ,
mix, an improvement in bond is obtained by wetting, but

no such impro&ement occurs with a 1:6 mix (which presum-
ably has a lower retentivity). This-response was found
when using calcium silicate bricks, howevér, which are
known to differ from clay bricks in their behaviour (418).

2.10. Mortar Strength.

The strength of mortar is affected significantly by
" the cement content so it would seem reasonable to conclude
that the relationship between cement content and bond
strength is similar to that between mortar strengfh and
bond strength. This seems to be partly true and most
~authors agree that bond strength increases with mortar
strength. For highly retentive mortars, Palmer and
Parsons (1) state that mortar strength is the most
important factor. Peafson (2), however, concludes that
there is no relationship between bond strength.and the
compressive strength of mortar.

2.11. Curing Conditions.

Even when good contact has been achieved between
brick and mortar it is important that conditions are
right for the full development of strength. Grimm'(5)
notes that hydration will cease if the relative humidity
within the joint drops below 70-80%. It has been found
generally that damp curing conditions will produce the
highest strength. This is particularly important during

the early stages of curing, according to Hogberg (22).

14



In practical terms, drying out of mortar is mainiy a
summer problem. In winter, freezing of brickwork is a
ma jor source of trouble. There has been a lot of experi-
mental work carried out to assess the effecté of freezing.
Kamp?f (3),kRyberf(29) and Hogberg (22) all suggest that
freezing can be detrimental to bond, partichlarly in the
early stages. Sneck (19) has offered some importsnt
thoughts on frost damage. He points out that damage may
be caused by’ freezing unless either the water content has
been lowered sufficiently by suction, or the mortar has
hardened enough before freezing, or the mortar freezes
imvediately whilst still structuréless. He does not
recommend the last option, however, because of thé sudden
lack of stiffness of the mortar on thawing.

2.12. Other Factors.

The ease with which the top brick may be laid
depends upon the condition of the mortar at the time of
laying. In addition to the properties already discussed,
this will be influenced by the time between spreading the
bed of mortar and laying the top brick. According to
Kampf (3), Ritchie and Davison (15) and Grimm (5) the
effect of delay is a reduction in bond strength, partic-
ularly where high suction bricks are used.

The time between mixing the mortar and its use may
also be of importance. Due to evaporation and hydration,
mortar will become less workable and so it is common
practice to retemper the mix with extra water. This seems
to have little effect on the final strength for mortar

vhich is not more than two hours old, according to Ritchie

15



and Davison (15).

2.13%. Summary.

The following conclusions represent the general

opinions reviewed in the preceding sections and are in

broad agreement with the conclusions of Goodwin and

Viest (31).

(1)

(i1)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

laximum bond strength is obtained when the
suction rate of the brick is in the range
0.5-1.2kg/m? min. |

There is no fixed optimum suction rate; the
relationship depends upon the brick type and the
retentivity of the mortar.

The suction rate of the lower brick has a more
significant effect than the suction rate of the
upper brick.

The brick type is impoftant, but there is & lack
of agreement as to which is best.

Generally, smooth bricks give a higher bond
strength than rough bricks.

Well—graded sands with rounded grains give the
highest bond strength.

Fine sands are best when used with high suction
rate bricks,

Sands from different sources which have identical
gradings will not usually exhibit the same
behaviour, |

Bond strength does not necessarily increase with
cement content; high lime mortars are often

superior for use with stiff-mud shale bricks.

16



(x)

(xi)

(xii)

(xiii)

(xiv)

(xv)

(xvi)

(xvii)

(xxi)

High lime mortars show improved workability and
retentivity and less shrinkage.

Mortar consistence should be as high as practic-
able, particularly when high suction rdte bricks
are uééd. ! |

Higher consistence increases the ratio of bond
strength to mortar tensile strength and induces
failure to occur in the body of the mortar, rather
than at the interface.

High suction rate bricks generally require mortars
with high retentivity.

Bond strength is ususlly reduced by the use of
plasticizers and air entraining agents.
Pre-wetting high suction rate bricks will increase
bond "strength.

Pre-wetting low or mediué suction rate bricks
could reduce bond strenéth.

Dry bricks of a particular suction rate will give
higher bond strength than bricks of a higher
suction rate that have been wetted down to that
level.

Damp curing conditions improve bond strength.
Freezing can be detrimental to bond.

Delay between placing mortar and top brick will
reduce bond strength, particularly for high
suction rate bricks. |
Retempering'of‘mortar to restore workability has
little effect if the mortar is less than two hours

old.
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3; A REVIEW OF THE EXPERIMENTAL DETERMINATION OF BOND
STRENGTH. |

Tests to determine bénd strength can be divided into
two classes; direct tensile in which stresses are uniform,
and flexurai in which'there is a linear variatioh of
tensile stress énd,/in some forms of test, a shear
componeént.

Much useful work has been carried out using a
variety of test methods. The simplest is probably the
flexural test performed on a stack bonded pier (fig.3.1),
which has been carried out as a standard site test in
Australis for many years (32). Pearson (2) has examined
this form of test, but was of the opinion that for
scientific work the large number of bricks required
would be too expensive, particularly if some of the
bricks were hand picked for the'required properties.
Another objection raised by Pearson is that the pressure
of tapping necessary to manufacture the specimens wohld
be virtuslly indeterminable. Also the self weight of the
bricks would apply a compressive load to the joints |
during manufacture, which would not be the same for all
joints in the pier.

A similar type of test, which attempts to remove '
these difficulties, is the cantilever test, in which only
two bricks are used, one of which is clamped to a fixed
surface and a lever arm is attached to the second brick
(fig.3.2). There aré several variants of this test.
Anderégg (33) formed his couplets with both bricks in

line and attached the lever arm to the side faces of the
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bricks, whereas Pearson (2) offset the bricks by a small
amount to provide edge bearing strips for the lever arm.
‘Because one brick of éﬁese couplets is clamped to a
vertical surface and loading is by gravity, there will be
a small sheérmstress applied @o the specimen. In.spite of
this, Pearson (2) reports that the maximum tensile
stresses developed are well in excess of the direct
tensile bond strength. Other objections to this form of
test are that the stresses on the two interfaces will not
be the same because of the difference in the lever arms,
and that only the mortiar at the point of maximum tensile
stress will be contributing significantly to the bond, so
any lack of contact at the-edge will be criticasl. Copeland
and Saxer (25) use a similar configuration for the testing
of concrete blocks bonded together, although their system
is rotated through 90° whilst retaining the vertical
application of load (fig.3.3).

Pearson has also investigated the wall test; in
which bricks were levered from a wall (fig.3.l4) which was
built to take several rows of bricks and waé known,
because of its appearance, as an altar. The method gave
consistent results, but suffered from the same inherent
disadvantages as other flexural tests. In addition, .once a'
set of bricks have been levered off the wall, the top
surfaces of the bricks forming the wsll will not be in fhe
same condition as they were originally and could not be
expected to behave in the same way again. The Qhange in
performance may not be ;mportant, but it is a factor

which should be taken into account.
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A new aﬁproach has been adopted by Jain (34) in
which a force is applied to split apart a joint (fig.3.5).
This method gives results which follow the well-known
failure patterns for ricg mortars of ruptgre close to the
interface and for weak mortars of an ill-defined failure
plane., It is, however, difficqlt to justifynthié type of
test as either a simple, uniform stress system for
materials research, or as a model of a practical situation
for structural assessment. Recently Taylor and Taylor-
Firth (35) have developed a successful shear/flexural
system for testing brick couplets under various levels of
precompression (fig.3.6). Their method, using only 1%
bricks per test, provides ﬁrobably the most valid repres-
entation of in-plane behaviour yet devised. -

The critical problem with direct tension testing of
brickwork samples is that of achieving a uniform stress
field within the specimen. The most popular test over the
last half-century has been the crossed-brick couplet (2,7,
9,10,11,12,36). This test (fig.3.7) has the edvantages
that the manufacture of specimens is a simple and well-
controlled procedure, and that testing can be carried out
using any standard compression}testing machine. Most test
methods use a three-point bear;ng system in order to .
achieve the required stress distribution, although Habib
&né Leeds (12) heve developed & novel four-point cystem
with two of the bearings connected together and pinned to
the support (fig.3;8). To take account of any lack of
alignment of the upper and lower surfaces of the spedimen,

a spherical bearing is usually included in the test set up.



'This may not, however, allow much freedom of rotation
when under high loads. Kuenning (37) has calculated that
the system of loading will cause the bricks to bend,
producing tensile strains in the mortar of about 12Ox104
for a typical sample under a stress of O.5N/mm2. This
bending action will induce failure at the edges of the
mortar at levels of load which will underestimate the
true tensile strength of the joint. A further objectionA
which could be raised is that a typical failure load of
about 3-LkN would be well below the normal operating
range of most compression testing machines and unless s
suitable load cell was incorporated into the system,
results could include significant errors.

There have been several versibns'of bonded-plate
test beginning with Johnston, Dear and Whittemore (11),
who attached a perforated disc to the top face of =
mortar bed in order to determine its bond strength to
concrete block (fig.3.9). Load was applied in direct
tension through a universal joint. There is also Hinder-
son's method (fig.3.10) used by Hogberg (22), who reports
that strengths obtained by this method can be up to three
times the crossed-brick strengths. The procedure is
essentially a refinement of that used by Johnston et al
in that a circular groove is routed in the mortar bed
which isolates an 80mm diameter section of mortar to
which is bonded an aluminiuﬁ disc. This disc is then
pulled off hydraulically. Both these tests have two dis-
advantages. It would be difficult to ensure that the .

forces applied are perpendicular to the mortar bed, and
\
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also the test is designed to test the bond strength of a
mortar bed placed in isolation upon s brick or block. This:
is dbviously a situation which would not occur in practice
and the system may not necessarily behave in the same way
as a normal bfickwork joint. |

Samples consisting of two half-bricks bonded together
have been tested using the bonded-plate method by
Kuenning (37,) and by Sinha and Hendry (38). In these fests
plates are bonded to the top brick (and in the case of
Sinha and Hendry, to the bottom brick also) and the bricks
are pulled apart in direct tension. The main difficulty
with this test is to ensure that the tensile stresses are
uniform. It also suffers from the disadvantage that extra
time and effort are needed to prepare the sample for
testing because of the necessity to bond the plates to the
bricks. Also, several sets of plateé would be reguired in
order to test a batch of several specimens.

A closer step towards a truly axial test has been
taken by Ritchie (39) and by Tytherleigh and Youl (40).
Ritchie has devised s clsmping system in which rigid
frames are bolted to the bottom and second-to-bottom
bricks of a stack (fig.3.11). The clamping bolts have
swivelling bearing pads to give good contact and plywood
or leather packing pieces are placed between the bearing -
pads and the brick. The clamping frames are positioned
uSing special spacers which ensure that the frames will
be parallel. Hanger bars are placed under the top frame
with a ball and socket joint to the testing machine. The

bottom frame is held rigid. This method seems to
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represent a more uniform axial mode, but great care must

be taken to ensure that the frames are placed exactly

parallel and no movement takes place when the eight bolts
on each frame_are tightened. Bond strengths up to about
0.78/mm® can be obtained with this system, but for lower
strengths (up to 0.2N/um?), a simpler clamping frame with
only two bolts per side, bearing directly onto the brick,
has been used.

‘ Tytherleigh and Youl used small brick units, approx-

imately 50mm square, having a slight taper. They are

bonded together in pairs and tested using a standard

Hounsfield Tension Testing Machine (fig.3.12). A diff-

iculty with this form of test is that a high degree of

accuracy would be necessary during manufacture because of
the smallness of the sample.

The requirement for true axiality is of vital
importance because any ecpentricity of loasding, of any
small lateral load will give rise to additional tensile
stresses at some point within the mortar jqint.causing
tensile failure to occur prematurely. The idesl form of
tensile test then should have the following character-
isties:

(i) Specimens should coﬁsist of a pair of bricks only,
so that laying conditions may be controlled to
reduce varinations between Jjoints.

(ii) The bonded area should be as large as possible in
order to reduce the significance of random
variations in brick surface, mortar quality and

brick/mortar contact from point to point.
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(iii) Specimen manufacture should be closely controlled

(iv)

(v)

by some form of jig which is simple to use but
which gives joint dimensions that are uniform and
reproducible,

The mecﬁanical device for applying load.to the
specimen should be simple and quick to fit and
should be fully adjustable in order to eliminate
any non-uniformity in stress distribution and any
non-axiglity within the system.

The testing machine should have a selection of
operating ranges with maximum loads up to about
10kil, and should provide a permanent record of load

and deflection throughout the test.

It was felt that none of the test methods described

in .this chapter possess the five characteristics listed

above to an acceptable degree and that a new design was

desirable.
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Figure 3.9. Johnston, Dear Figure 3.10. Hindersdn's
Whittemore (113. method.
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Pigure 3.11. Ritchie (39).

I
/7,
u\m\\j

e—il ‘ ] L ‘1—9

Figure 3.12. Tytherleigh and Youl (L4O).
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L, RESULTING TENSILE TEST APPARATUS.

After careful consideration of the test requirements
listed in the previous chapter; a new form of apparatus
was designed and built with a high degree of flexibility
at all jointswto allow for irregularities in specimen
dimensions and fo ensure axiality.

The apparatus, shown in figure 4.1, accepts a couplet
consisting of parallel bricks bonded together over an ares
of approximately 400mm x 450mm. This.area is sbout 50%
larger than the bonded area of a standard crossed—brick
couplet. Load is applied to the specimen, via four fully
adjustable slings and two load-transfer plates, using a
variable range Monsanto ténsometer. Between five and ten
specimens could be tested in one hour.

The reliability of the apparatus was assessed using
electrical resistance strain gauges. Readings were taken
of the strains in each vertical hanger rod for a selection
of the most badly shaped specimens, in order to test the
effectiveness of the system in giving uniform stresées.

Figure u.Z;éhows a typical set of results from the
gauges on the top four hanger rods during‘the testing of
a’specimen using Funton stock bricks. These bricks were
of poor shape and it was felt that the better shape and
uniformity of the other two types of brick used (South-
water'engineering and Holbrook facing) would give much
better results. |

The dotted line shows the average tensile strain
calcuiated from the récorded ultimate load for this

sample. The figure shows that the maximum error in

27



Figure U.l. Tensile test apparatus.
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Figure 4.2, Typical strain gauge readings from top four
hanger rods.
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tensile stress is asbout 10% at 85% of ultimate load, for
this specimen. |

The use of strain gauges also presented an oppor-
tunity to assess whether or not creep had taken place
during loadiné. After the strains had been recorded on all
gauges, the first reading was checked. During the period
of about two minutes in which the readings were taken, the
strain registered by the first gauges had not changed by
more than about 2 to 4 x 10—6. It can therefore be con-
cluded that over the duration of the test no significant
reduction in load had taken place due to creep.

In all, about 1000 couplets have been successfully
tested on this apparatus, -the purpose and results of

which will be described in sections 6 and 9.
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5. PROPERTIES OF MATERIALS USED.

For the manufacture of the brick couplets for
tensile bond strength testing, the following materiéls
were chosen:

Bricks: Southwater engineering (double frog)
Holbrook. facing (23 perforations)
Funton stock
supplied by Redland Brick Co. Ltd.
Sand: Awudkley washed building sand
supplied by ARC Ltd.
Cemeﬂt: OPC
supplied by Ketton Portland Cement Co. Ltd.
Lime: Limbux hydrated lime
supplied by ICI (Buxton) plec.

The following subsections describe the relevant

properties of these materials.

5.1. Brick Suction Rate.

Suction ratés were determined for ten Southwater,
Holbrook and Funton bricks by measuring the weight of
water absorbed per unit area of the bed face in one
minute.

In each case the net area of the bed face was used,
allowance being made for frogs and perforations, although
the use of the nét area of a perforated brick may lead to
an overestimate of the suction rate (41).

A Southwater brick with a deep crack was tested and
was found to have a suction rate of 0.98kg/m°min., This
result has not been used in the calculation of the mean

value given on the following page.
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Brick Type

Mean Suction Rate

Range (kg/m2min)

(kg/m2min)
Southwater 0.13 0.06-0.18
Holbrook 0.25 0.21-0.28
Funton 3.04 1.36-5.45

As a part of the experimental test programme,

Brick Suction Rate After'Adjustment.

the Southwater and Holbrook bricks were suction rate

adjusted, by dunking for one minute, followed by 30 - 45
minutes drain. The sample batch used in section 5.1 was

treated in this way and the resulting suction rates were

determined. _
| Brick Type | Mean Adjusted Suction | Range
Rate (kg/memin) (kg/m2min)
Southwater 0. 066 0.056-0.074
Holbrook 0.079 0.027-0.103

5. 3. Brick Water Absorption.

The percentage water absorptions were determined by
the five hour boiling method on ten samples of each brick

type, in accordance with BS3921, "Clay Bricks and Blocks".

Brick Type Water Absorption Range
(%) (%)
Southwater 1.7 1.4-2.44
Holbrook 4.5 3.0-5.2
Funton 25.0 17.1=-34. 4
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5.4. Particle Size Analysis.

Figure 5.1 shows the particle size analysis of the

materials used in the mortar. (Data from Ketton Cement

and ICI Buxton for cement and lime).

5.5. Mortar Strength.

In this section the mortar strengths are the mean

values for each grade of mortar, for which the range of

consistence was approximately 8-14mm (dropping ball

penetration). The complete results will be given in

section 9.1. Each value is the mean of 418 specimens. Cube

strengths are based on 75mm cubes and flexural strengths

on 100x25x25mm prisms. All specimens were cured for 28

days in purpose-built cabinets as shown in figure 7.7.

Mortar Cube Strength|Flexural Strength BS5628
Designation (N/mm<) (N/mm2) Reguirement
(W/mm?)
(ii) 1:%:4% 13.7 [T 6.5
(iii) 1:1:6 6.2 2.9 3.6
(iv) 1:2:9 2.8 1.5 1.5

The last column gives the required cube c?ushing

strengths for laboratory tests, given in BS5628: Part 1:

1978, It can be seen that the mortar strengths are

considerably higher than the minimum recguirements.
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6. DETAILS OF ENGIN:ERING TEST PROGRAMIES.

Using the materials specified in section 5, the
following four experimental programmes were devisea to
investigate»sgme of the most important factors which
influence bond strength.

From section 2,13 it can be seen that a comprehensive
experimental programme to study all the major variables
would be a formidable task. Consequently, some compromises
have proved necessary. The following programmes have been
devised to examine some of the more important points in
section 2.13, or those about which there is some dis-
agreement in the literature and for which the conclusions
are unclear (in particular, points iv, v, ix, xvi and
xix).

€.1. Mortar Programme.

Designed to investigate:
Effect of pre-wetting bricks of low suction rate.
Effect of mortar type.

Effect of water content of mortar.
Variables studied:
Brick type
Suction rate adjustment
Mortar grade

Viater content of mortar
Number of couplets per test

UoEPD N

Total number of couplets 480

The bricks used were Southwater engineering and Holbroeook
facing.

The two suction rate adjustmént cases refer to unsdjusted
and dunked as specified in section 5. 2.

Mortar grades were as specified in section 5.5 using bhe
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mix prdportions given in table 6 of BS4551:1980, and re-
produced in section 7.

Six water contents were used, in steps of 0.5% by wéight
of dry constituents.

6.2. Sand Grading Programune.

Designed to investigate:
Effect of sand grading.
Effect of pre-wetting bricks.
Variables studied:
Brick type 2
Sand gradings 7
0

Suction rate adjustment
Number of couplets per test 1

Total number of couplets 280

The brick types and suction rate adjustmentgmere the same
as. in' the mortar programme .

Mortar grade (ii) with 19%% water was chosen for the
Holbrook facing bricks and mortar grade (iii) with 21%
water was chosen for the Southwater engineefing bricks as
the most suitsble mix in each case, based on the results
of the mortar programme. |

Mortar grade (ii) was chosen in preference to grade (i)
.because it was felt that theﬁcoafser sands used in thig .
programme would recquire a higher lime content in the
moftar to give adequate workability.

6.3. Suction Rate Prograsmne.

Designed to investigate:

Effect of brick suction rate,
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Variables studied:

Brick suction rate 6
Number of couplets per test 10

Total number of couplets 60

In order to give a wide range of suction rates, a
Funton , stock brick was used. The one minute suction
rates were determined for almost LOO bricks and from these,

20 were chosen in each of the following suction rate bands:

0.00 - 0.75 kg/m?2 min
Oo 76 - 1.50 "
1.51 - 2.25 "
2.26 - 3,00 1
3.01 - 3.75 n
3,76 = 4.50 0

‘Mortar grade (iii) was used. It was hoped that all mixes
would be identical, but it was found that the water content
of the mortar had to be increased for the higher suction
rate bricks in order to counteract the rapid stiffening of
the mortar during laying.

6.4, Curing Programme.

Designed to investigate:

Effect of various curing conditions.
Variables studied:

Brick type 2

Curing conditions 5
Number of couplets per test 10

Total number of couplets 100

The bricks were the same type as used in the mortar
programme.,
Mortar grade (i) with 19/ water was used for the Holbrook

facing bricks and mortar grade (iii) with 20% water for
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the Southwater engineering bricks. These mixes were
chosen, on the bésis of results from the mortar programme,
to give the greatest bond strength and optimum mortar

consistence.

Bricks were not suction rate adjusted.
The curing conditions were as follows:

a) Cabinet Sealed in curing cabinets for
253 days. Temperature and
humidity monitored.

b) Wet/dry Submerged in water (418.5°C)
for 24 hours on days 2,9,16
and 23. Otherwise uncovered
in laboratory.

c) Freeze/thaw In freezer from day 2 - day
27 on 24 hour cycle -4OC to
109C. 10hr. freeze down, 14

“  hr. thaw.

d) Mist room Day 2 - day 28
100% relative humidity, 18°C.

e) Const. temp-humidity Day 2 - day 28
60% relative humidity, 20°C.
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Lo METHOD OF SPECIMEN MANUFACTURE.

All mortar mixes were prepared in accordance with
BSY551:1980 "Hethods of testing mortars, screeds and

plasters", using weigh batching proportions as shown

below.
Tortar Approximate Percentages by Weight
designation|Volume
Proportions Cement Lime Dry Sand
as specified in BS5628: from table 6, BSL551: 1980
Part 1: 1978
(i) 1:%:3 22,9 1.5 75.6
(ii) 1:%:h7 17.0 3.1 79.9
(iii) 1:1:6 13.6 5.1 . 81.3
(iv) 1:2:9 ' 9.0 6.4 8L4.6

The total mass of dry constituents used was 10kg per
mix. This smount was found to be sufficient to manufacture
ten couplets. In order to provide quality control, three
75mm cubes and three flexural prisms were made for each
batch of mortér produced. The dropping ball penetration
test was used to measure the mortar consistence priér to
and shortly after the manufacture of the couplets.

The couplet forming equipment shown in figure 7.1 was
designed to produce a 410mm joint between two full-size
building bricks. The bonded length was 150mm with a gap at
each end of about 25mm in which the testing slings were
placed. After the brick had been placed in the mortar
former (fig. 7.2) the mortar guides were rotated into
position. These guides ensured that a mortar bed of

length 130mm and thickness 15mm was placed centrally on
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Figure 7.1. Specimen forming equipment.

Figure /.2. Brick in place.
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the brick prior to placing. the top brick‘(fig.7.3)..ihe
guides were rotated away (fig.7.l4) and the brick was
tranSferred to the joint former., Brass rods of 10mm dia-
meter and 150mm apart rest on the brick as shown in figure
7.5. The top brick was placed on the mortar bed and preéﬁd
or tapped downwards until contact with the brass rods was
achieved. The rods wére then removed with a twisting act-
ion which ensured that the joint was adequately tooled at
the ends. Finally the couplet was lifted out and the sidés
of the joint tooled with a small trowel (fig.7.6).
Occesionally, if the consistence of the mortar was very
high, tooling was delayed for approximately 30 minutes in
order to minimise disturbance to the couplets.

The length of time taken to manufacture the ten
samples was recorded for each of the 90 mixes. -On only one
occasion was the manufacture timelless than 20 minutes and
on only three ‘occasions did the manufacture timé exceed 4O
minutes, The mean manufacture time was 29 minutes for ten
couplets.

With the exception of the special curing conditions
used in the curing programme, all samples were placed in
sealed cabinets for 28 days prior to testing (fig.7.7).
The transparent polythene covers were arranged in such a
way that once seasled, the specimens would not bsvexﬁosed
or Gisturhed by the placement of the next batch.

During May and June 1982, readings of temperature and
humidity were taken in the sealed cabinets whilst specimens
were being cured in them. The mean temperature was found

to be 19.4°C and the mean relative humidity was 89%.
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Figure 7.3. Mortar spread to level of formers,

Figure 7»k» Formers removed.
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Figure 7.5% Spacer rods in place.

Figure 7.6, Specimen completed.
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Figure 7.7. Curing cabinets.
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8. METHOD OF TESTING SPECIMENS.

The tensile testing apperatus has already been des-
cribed in detail in section L4 and was used as follows.

The specimen to be tested was placed on top of an
appropriate-tﬂickness of flexible packing so that it was
located centrally between the loéding plates. The top
hangers were located and adjusted, followed by the bottom
hangers. Finally, all eight adjusting screws were checked
to ensure that all hangers were making an even contact
with the bricks without being either overtightened or
loose. Figure 8.1 shows the specimen set up and ready for
testing. The load was applied manuslly, as shown in figure
8.2, and was recorded on heat-sensitive paper which was
located on the drum shown in the‘top right of figure 8.2.
Figures 8.3 and 8.4 show a typical fsiled sample and
figure 8.5 shows the recorded load-deflection data for a
typical batch of couplets. The non-linearity of the output
graphs is due to the fact that the recording stylus is
pivoted at one end and moves in an arc. This can be seen
more clearl& at the point of failure when the stylus drops
back to its zero load position (shown dotted in figure 8.5
for clarity).

From this output failure can be characterised as
brittle, and there is no evidence of cracking prior to

failure, or of creep having taken place.
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onsanto tensometer.

- figure 8.1. Couplet in place in I
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Figure 8.2. Manual application of load.

Figure 8.3. Failed couplet in tensometer.
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9. RESULTS OF THE EXPERIMENTAL PROGRAMWES.

The detalls of the properties of the materials used
and of each test programme are given in sections 5 and 6
respectively.a

Each programme has been devised to examine and verify
some of the conclusions listed in section 2.13.

The full details of each individual test are given in
appendix 41, so the following sections contain information

summarised from appendix 1.

9.1. Mortar Programme Results. .

The properties of the mortar which are relevent to
fhis programme are given in table 9.41. The water contents
quoted refer to the percentage, by mass, of the dry
constituents., All mixes contein 10kg of dry material, with

~

between 1.75kg and 2.25kg of water.

Figure 9.1 shows the mortar consistence, és determined
by the dropping ball penetration method. It can be seen
that ball penetration increases with the water content of
the mortar and, except for a small overlap between 1#%:&%
and 1:1:6, with the cement content also.

The variation of consistence with cement/lime ratio
may be due to the different particle shapes and the early
chemical behaviour in water. Particle size is not thought
to account for the behaviour since the grading curves of
cement and lime are very similar (figure 5.1).

Table 9.1 also shows that mortar cube and flexural
strengths (using 75mm cubes and 25x25x100mm prisms) are

independent of the consistence of the mortar. The highest

strengths were obtained with 1:%:3 and the lowest with

50



DROPPING BALL PENETRATION

MORTAR CUBE STRENGTH AT 28

(mm) DAYS . (1/mm?)

WA TER , - WA TER P o
COLTRRT MQRJmR GRAD; COLTERT MORTAR GRADE

(8) (1) (ii) (iii) (iv) (%) (i) (i1) (11 (iv)

17% 6.4 17% 2h Uy

18 7.2 18 24.8

18% 8.1 7.6 18% 24.9 14.9

19 9.2 7.8 8.4 19 25.2 14.3

19% |10.2 8.4 8.8 19% 24.0 13.2 6.9

20 12.8 10.0 . 9.4 8.1 20 20.9 13.6 6.4 2.8

20% 11.1 10.5 9.2 20% 13.4 5.8 3.1

21 12.8 12.4 10.1 21 12,7 6.8 2.8

21% 13.5 10.0 21% 6.0 3.2

22 14.7 10.7 22 5.6 2.6

22% 12.5 22% 2.2

~

MORTAR FLEXURAL STRENGTH

AT 28 DAYS

(W/mm?)

CUBE + FLEXURAL STRENGTH

WA TER PN A WA TER TORT
CONTERT mmmRGmmE CONTELT I@?&R?H@E |
(%) (i) (i1) (did) (div) (%) (1) (19 (i) @Ew)
17% 5.6 17% L.k
18 6.5 13 3.8
187 5.5 .3 18% b5 3.5
19 5.2 L.2 19 L.8 3.4
19% 5.7 3¢7 33 19% Le2 3.6 2.1
20 5.6 3.9 3.2 1.5 20 3.7 3.5 2.0 1.9
20% 2,6 1.6 20% 3.1 2.2 1.9
21 2.7 1.7 21 3.1 2.5 1.6
21% 3.1 1.5 21% 1.9 2.1
22 2.6 1.4 22 2.2 1.9
22% 1.3 22% 1.7
Table 9.1, Mortar Properties.
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Figure 9.1. Variation of mortar consistency with water
content.
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1:@:9 mortar. The ratio of compressive to flexural
strength can be seen to vary according to the mortar
grade, from about 2 for 1:2:9 to almost 5 for 1:5:3
mortar. A posgible reason for this behaviour is that high-
cement mortars tend to be more brittle in nature, which
would be more critical in the flexural than the compress-
ive mode.

The mean joint thickness for all the couplets in the
mortar programme was 10.17mm. The mean values for each

section of the programme were as follows,

Holbrook Dry 10. 4lymm
Holbrook Wet 10. 39mm
Southwater Dry 10. 02mm
Southwater Wet 9, 82mm .

It can be seen that consolidation of the mortar in
the joint during manufacture is greater for wetted bricks
and greater for the smooth, heavier Southwater engineering
bricks.

The bond strength results from this programme are
given in table 9.2 and are plotted in figures 9.2;9.6..To
plot the mortar grade in these figures, the volume of
cement as a proportion of the total volume of cement plus
lime was used, giving cement contents of 80%, 67%, 50% and
33% for the four grades. For this reason the spacings of
the grades on figures 9.2-9.6 are not all equal. From the
results the following conclusions msy be drawn.

(i) Holbrook facing bricks give higher bond strength

than Southwater engineering bricks.

(ii) For Holbrook facing bricks, 1:%:3 mortar gives

the highest bond strength.

(iil) For Southwater engineering bricks, 1:1:6 mortar
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HOLBRUOK FACING -~ DRY HOLBROOK FACING - WET
\'/A TER f ; e \/A TER m ™
conTEny MORLAR GRADE conreng MORIAR GRAD%
(%) (i) (ii) (i) (iv) () | (1) (ii) (i) (iv)
172 P.33 17% [0.35
18  P.39 18  0.36
18% pP.38 0.30 18% 0.37 0.28
19  P.37 0.33 19  [0.32 0.29
19% D.38 0.29 0.27 19% [0.35 0.27 0.23
20 P.LO 0.3L4 0.28 0,22 20 |0.36 0.28 0.28 0.20
203 0.36 0.27 0.21 20% 0.28 0.20 0.9
21 0.3L4 0.22 0.23 21 0.24 0.23 0,21
21% 0.30 0.22 21% 0.22 0.16
22 0.30 0.22 22 0.26 0.18
22% 0.23 22k 0. 20
SOUTHWA TER ENGINEERING-DRY| |SOUTHWATER ENGINEERING-WET
WATER | * 1\ vose WA TER - .
CONTENT MORTAR GRADE CONTENT MORTAR GRADE
(%) | (1) (ii) (i) (div) (%) | (i) (1i) (4i1) (iv)
172 10.11 17% 10.410
18  0.13 18  10.11
182 [0.14 0.12 18% 0.09 0.13
19  0.13 0.46 0.18 19  10.141 0.413 0.16
19% 10.15 0.16 0.21 194 [0.410 0.13 0.13
20 .18 0.18 0.18 0.12 20 {013 0.12 0.1L4 0.4
20% 0.21 0.15 0.15 20% 0.14 0.12 0.13
21 0.17 0.25 0.16 21 0.13 0.12 0.10
21% 0.18 0.42 21% ‘0.16 0.10
22 0.13 22 0.11
22% 0.15 02% 0.13
Table 9.2. Couplet Bond Strength at 28 Days from Mortar

Programme.

(N/mm2)
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Figure 9.2. Bond strength using dry Holbrook facing
bricks.

Strength
(N/mm<)

2

’

bond ///
| LA

L~

1

(i)‘ water
ii content of
morgar ( )(iii 19 mortar (%)
grade

(iv,

Figure 9.3. Bond strength using suction rate adjusted
Holbrook facing bricks.
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bond 0.371
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Figure 9.4. Bond strength using dry Southwater
' engineering bricks.

bond 0.2
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Figure 9.5. Bond strength using suction rate adjusted
Southwater engineering bricks.
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Figure 9.6. Couplet bond strength (30 specimens per point).
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gives the highest bond strength.

(iv) For Holbrook facing bricks, bond strength
increses with the cement content of the mortar.

(v) Generally, the water content of the particular
mortar grade being investigated does not
significantiy affect the bond strength (see
appendix 2).

(vi) Both brick types show a highly significant
reduction in bond strength due to pre-wetting
(fig.9.6). |

The coefficients of variation have been calculated

for each group of five couplets, from which the mean
values for each of the four combinations of brick type

and suction rate adjustment have been determined. These
values,given below, show that Southwater bricks have a
higher variation than Holbrook bricks and that pre-wetting.
increases the coefficient of varistion. A possiEle

explanation of this behaviour will be given in section 10.

Holbrook :DBry 9.7%
Holbrook Wet 11. 7%
Southwater Dry 14.5%
Southwater Wet 18.6%

In tables A1.1-A1.16 of appendix 1, the failure modes
of each couplet are given. The designations T, M and B
refer to failures which are top-plane, mortar and bottom-
plane respectively. In this context a mortar failuré is
definad as a failure within the joint leasving mortar
ettached to both(top and bottom bricks. Some couplets
exhibit a failure mode which is a combination of more

than one of the above.
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An analysis of the data given in appendix 1 on the
failure modes of the couplets reveals the following facts.
(1) Increasing the lime content of the mortar
causes failure to occur more often in the body

of the mortar.

(ii) Pre-wetting bricks increases the inéidence of
failures at the brick-mortar interface.

(iii) Holbrook bricks show a higher incidence of
mortar feilures than Southwater bricks.

(iv) Top-plane failures are more common than bottom-
plane failures, except where‘dry Holbrook
bricks are used.

Under a uniform load a mortar joint will fail at the
point where the tensile strength is first exceedea by the
tensile stress. Clearly different failure modes will occur
because there is a distribution of tensile strength across
the Jjoint. The above conclusions suggest that in general,
such a distribution will be influénced by the character-
istics of the brick and mortar and that with each
combination of factors there will be associated a "weakest
point" at which (with random variations) failure will
occur., This concept will be discussed fully in section 13.

9.2, Sand Grading Programme Results.

This programme was designed to examine the effeo£ of
chenging the grsding of a rarticular sand on the strength
of the bond with Holbrook and Southwater bricks of a low
suction rate. A

The normal Auckley sand was close to the fine end of

the B31200:1976 grading requirements, so it was decided
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that most of the regraded sands should be obtained by
removing fine‘material.

Sand N is the normal Auckley sand, as delivered.
Sands 1C, 2C, 3C, U4C and 5C were prepared by mechenical
shaking, for 5 minﬁtes, of sand N on the 90mam, 150um,
212um, 300um and L25um sieves respectively, and discarding
any material which passed through. |

Sand F was brepared by using only that sand which
passed through a 300um sieve.

After the sands had been preparéd, samples were taken
from each and subjected to a rigorous sieve analysis in
accordance with BS812:Part 1 (table 6). This table gives
the maximum mass of sand which should be retained on each
particular sieve, with the exception of fhe 90um sieve. In
order to be consistent with table 6 of BS812 the require-
ment for this size of sieve was taken as being 40Og.

The results of the sieve analyses are given in table
9.3. It can be seen that for the five coarse sands, some
of the fine material remained, despite being nominally
removed by the sieving process. This meant that the
resulting sands were well-graded and did not show an
unrealistic cut-off at a particular grain size. It is
.unfortunaté that the sieving process resulted in some mis-
ordering of the gradings, particularly with respect tﬁ the
fine fractions of sand 4C compared with sands 1C, 2C and
3c.

Following the detailed sieve analyses, samples of

each sized fraction were examined microscopically at

magnifications up to 160x. It was noted that the grains of
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SAND F N 1C 2C 3¢  4C 5C

NOMINAL | <300um normal >9Qum >15Qum 3>212um >300um >425um
RANGE -

SIEVE % PASSING (BY MASS)

5.00mm | 100.0 99.7 400.0 4100.0 400.0 400.0 99.7
2.36mm | 100.0 99.4 99,8 99,8 99.6 99.5 98,2
1.18mm [ 400.0 99.1  99.5 99.4 99.0 98.9 95.6
600um 100.0 98.1 98.5 98.2 97.4 '97.1 87.8
425um 100.0 91.4 91.9 92.0 89.9 88.1 51.4
300um 100.0 78.6 74.9 72.8 65.4 58.3 29.9
212um 66,6 L9.6 Lo.8 37.6 2143 29. 4 15.4
150um 33.2 24.7 18.0 8.7 6.4, 13.0 6.4

90mm 9.1 7.5 2.2 1.5 1.4 3.1 1.6

Table 9.3. Sand Grading Characteristics.
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each ffaction were of approximately the same size with nd
smaller particles adhering to them. This demonstrates the
effectiveness of the sieve analysis procedure recommended
in BS812. Figures 9.7 and 9.8 show samples of the 300-
L25um and the 150-212um fractions at magnifications of
17x and 38x respectively.

Table 9.4 shows the results of the sand grading
programme. The bond strength results for the Holbrook
facing brick couplets have been highlighted for clarity.
No couplets were manufactured using éouthwater engineering
bricks and sand 5C mortar because the combined effect of
the heavier brick and the high consistence mortar was
such that mortar was squaéhed out from the Jjoint on
removal of the brass spacer rods (see sectién 7, figures
7.5 and 7.6).

The effect of sand grading has been studied by

Bessey (ué) who proposed a classification system based on
the median grain size and a sorting coefficient. The median
grain size Dy, is defined as the diameter of particle
below which 50% of the mass of the sand occurs. The
sorting coefficient is a measure of the breadth of grading
and is egual to \/‘(D,,/D,,), where D,; and D,, are the upper
and lower quartiles defined in a similar way to Dso above.
" Hence any grading curve can be approximately describéd by
two numbers which can be treatcd as cartesien coordinates.
Bessey plotted these points on a diagram which he divided
into three regions showing the suitability of the sand

for mortar, according to which the sands in the present

programme may be classified.
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Figure 9,7. 300 - h2§ﬂm 17x

Figure 9.8. 150 - 212mum  38x
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Sand Median Sorting Classification
Size (mm) Coefficient
F 0.179 1.354 unsuitable
N 0.213 1.379 "
1C 0.229 1+ 351 "
2C ©0.240 1. 309 "
AC 0. 206 1.256 1t
LC 0.272 1.375 moderate
5C Oo )-">15 1.L'>1O 1

Table 9.5. Sand Classification according to Bessey (u2).

From table 9.5 it can be seen that none of the sands
are classified as "good" and the majority as "unsuitable",
however all sands gave ade@uate bond strength (with the
exception of 5C as described above). It seems that
Bessey's considerations of the grading characteristics
alone are insufficient and that other factors, such as
silt content and particle shape, might be of greater
importance.

Whilst the bond strength appears to be generally
independent of the sand grading, mortar consistence
clearly is not. The results in table 9.4 show that there
is a definite increase in consistence as the grading
becomes more coarse.

0zol (43) has reviewed the work of others in this
field, particularly Malhotra (LL) and concluded that water
demand is related to the number of points of contéct
between aggregate particles, which will be greater if th;
grains are more angular, or if the grading is finer. This
behaviour is confirmed by the results of the present
programnre, and is in agreement with the findings of Bloem

(24) already mentioned in section 2.3.
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The coeffiecients of variation follow the same
pattern as the previous programme and are as follows,

with the values based on groups of 10 couplets.

Holbrook  Dry 8. 9%
Holbrook Vet 12.4%
Southwater Dry 15. 4%
Southwaster Vet 17.4%

From the experimental results the following
conclusions may be drawn.

(1) Mortar consistence depénds strongly upon the

grading of the sand.

(ii) Bond strength is largely independent of sand

gradingr

(iii) For all of the sands, pre-wetting the bricks

significantly reduced the bond strength.

Data on the failure modes of individual couplets are
given in tables A1.17-A1.25 of appendix 41 and mean failure
modes for groups of ten couplets summarised in table 9..4.
For this programme the area of the failed surface has been
estimated as a percentage of the total bonded area at each
of the locations T, M and B as described in the previous
section. For some of the couplets failure occured on both
top and bottom plane, with a section of the mortar
becoming detached. In these cases the sum of the failed
areas will be greater than 100%. The following conclusions
may be drawn.

(i) Top—pléne failures occur about three timés as

often as bottom-plane failures.

(ii) Southwater bricks give more top-plane failures

than Holbrook bricks.
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(iii) Pre-wetted bricks give more top-plane failures
than dry bricks.

(iv) Pre-wetting bricks reduces the interfacial bond
st?ength relative to the tensile strength of
the mortar in the joint, as indicated by the
reduction in the number of mortar failures.

In general, it can be concluded from this programme

that the effect of changing the grading of the particular
sand is small compared to the effects of other factors.

9. 3. Suction Rate Programme Results.

The purposes of this programme were to investigate
the effect of brick suction rate on the bond strength and
to highlight the difficulties associated with the use of
high suction rate bricks. It was anticipated that the high
suction rate bricks would cause some stiffening of the
mortar during laying but the severity of this effect had
not been expected.

For the test couplets a Funton stock brick
was chosen, which héd a wide range of sucfion rates. The
one-minute suction rate was determined for each of 383
bricks in order to group the bricks into suction rate
bands. Figure 9.9 shows the distribution of suction rates
and the choice of bands. Couplets were manufactured using
pairs of bricks selected from the same suction rate band.
Bricks were laid bed-plane to bed-plane in order to
eliminate the effect of the frog and because the suction
rafe data were obtained for the bed-planes. Ten couplets
were tested from each suction rate band, having been

stored in the curing cabinets described in section 7 for
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Figure 9.9. Histogram showing distribution of suction
rate for Funton Stock bricks, and bands
used for suction rate programme.
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25 days.

A 1:1:6 mix was used‘with a water content Which was
greater for the high suction rate bricks. In the original
planning of the experiment it was decided that the water
content should remain constant throughout. However, it was
found that the higher suction rate bricks caused the mortsr-
to stiffen so rapidly that extra water had to be added to
compensate.

It was apparent during the laying of the high suction
rate bricks that the addition of extfa water to the mortar
would not completely compensate for the high bfick suction.
In order to facilitate laying and to give good contact,
some pre-wetting of the bricks would have been necessary.
Due to the shortage of time and materials (many of the
bricks were of poor shape), this modification to the pro-
gramme could not be implemented.

As a consequence, many of the couplets were found,
after failure, to have incomplete contact between brick
and mortar; the contact aresa generally decreased with
increasing suction rate,

Table 9.6 5ummarises the results of the suction rate
programme, which are given in full in tables A1.26 and
A1.27 of appendix 1. It can be seen that the data on the
location of the failure plane includes tensile failure of
the bricks themselves., This menifesied itself as smell
pieces of brick remaining attached to the mortar at failure
and suggests that the bricks which were of high suction

rate had a lower tensile streﬁgth.

The symbols describing the failure mode are as
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SUCTION SUCTION |AVERAGE | WATER [DROP.BALIJMORT4R STRENGTH
RATE PATE RANGE| SUC.RATE |CORTENT PENET- | COMP- FLEX-
RAND RATION [RESSIVE URAL

(kg/m2min)|(kg/m?min) (#4) (mm)  |(8/mm?) (N/mm?)
1 0. 00-0. 75 0.62 20 9.2 8.2 T 2.9
2  .76-1.50 1.09 20 9.6 8.6 2.9
3 H.51-2.25 1.8L 20% 10.9 7.2 3.0
L [.26-3.00 2.6L4 21 11.2 6.9 2.6
5 [3.01-3.75 3.49 21% 12.8 7.0 2.6
6 . 76-4.50 L.03 22 13.8 6.3 2.5

SUCTION| CONTACT| BOND LOCATION OF FAILURE PLANE
RATE AREA |STRENGTH|BRICK TOP MORTAR BOTTOM BRICK
BAND

(%) (/mm2) | (B) (%) () (%) (%)
1 9L 0.24 0 L9 17 LL 0
2 87 0. 30 0 54 36 14 0
3 88 0. 28 0 11 17 73 0
L 69 0.32 0 L3 U6 10 0
5 72 0.28 2l 22 1 10 6
6 L9 0. 30 71 2L 5 0 0

Table 9.6. Suction Rate Programme Results based on

Funton Stock Bricks and 1:1:6 Mortar.
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defined in section 9.2, witn the addition of tensile
failures in either the top brick, or the bottom brick,
according to the position in the table. In appendix 1,
tables A1.26 and ‘A1.27 these are designated by Br.
As a result of the difficulties in laying the higher
suction rate bricks, the bond strength coefficients of
variation are correspondingly higher. The values for the
six bands are as follows:
Suction Rate Band 1 10, 0%
[ " w2 17. 2%
0 n " 3 21.5%
" " u L 21.4%
n " n 5 29, 7%
1" n " 6 36.0%

These values reflect the degree of incomplete-contact

shown by the higher suction rate brick couplets.

9.4, Curing Programme Results.

The four special curing conditions described in
section 6.4 were chosen to give a wide variation of
environments, which are analogous to site conditions that
may occur in practice. The cabinet cured couplets were
included as controls to reference back to the mortar
programme.,

Table 9.7 gives a summary of the results, which are
shown in full in tables A1.28-A1.31 of appendix 1. The
cebinet-cured couplets give bond strengths of 0.39N/mm?
and O.16N/mm? for the Holbrook and Southwater Bricks
respectively. These values may be compared with the
corresponding strength values of O.37N/mm2 and O.18N/mm2
from the mortar programme.

Conditions in which the couplets were water
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seturated for some or all of the curing period give the
highest bond strength after 28 days, although the higher
strength dbtained by mist-room curing of Southwater brick
couplets is not significant. Significant levels for all
the special curing conditions are given in table 9.7, from
which it can be seen,that the reduction in bond strength
due to constant temperature/humidity curing is highly
significant for both types of brick. As a check, the
significance of the differences between the cabinet-cured
couplets in the-mortar and curing programmes was assessed.
It was calculated that the differences were not at all
significant.

For the particular combinations of brick and mortar
used in this programme it may be concluded thaf:

(i) Wet curing conditions give higher bond

strengths.
(ii) Dry curing conditions give lower bond
- strengths.
(iii) Freeze/thaw curing may lower the bond strength,
although the bond is not destroyed.

Again the coefficients of variation are greater for
the Southwater brick couplets than for the Holbrook brick
couplets. The values asre:

Holbrook 8. 8%
Southwater 16.8%

From data on the location of the failure plane the
following conclusions may be drawn:
(i) For Holbrook bricks, bottom-plane failures are

more likely than top—plane failures.
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(ii) For Southwater bricks, top-plane failures are
‘much more likely than bottom-plane failures.

(iii) For Southwater bricks, the only bottom-plane
failure occured as a result of wet curing
conditions.

These conclusions follow the general pattern of the
other programmes with respect to the difference in failure
mode between the two brick types. A possible explanation
is that the lower suction rate and smoother surface of the
Southwater brick caused the mortar véry close to the
interface to have a high moisture content and conseguent
low strength. Again, this concept will be discussed fully

in section 13.
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10, DISCUSSION OF THE EXPERIMENTAL RESULTS IN RELATION

TO EXISTING KNO.LEDGE.

In section 2 the important factors affecting bond
strength were surveyed and a summary of the findings is
given in sec£ion 2.13., Of the 21 points listed in that
section, more than half are of direct relevence to the
present experimental invesiigation and are discussed
below. In the following statements the enumeration refers
to items listed in section 2.13.

(i) "Maximum bond strength is obtained when the
suction rate of the brick is in the range
0.5-1.2kg/me min."

Results from the suction rate programme given in table
9.6 are inconclusive due to the incomplete contact
achieved, and because the couplets were manufactured
using mortars of different water contents. It is clear,
however, that using mortars of the same water content,
high suction rate bricks would give a joint of lesser
qqality than moderate suction rate bricks.

(iii) "The suction rate of the lower brick has a
more significant effect than the suction rate
of the upper brick."

Observations during the manufacture of couplets using the
higher suction rate Funton bricks show that although
mortar can be spresd onto the lower brick, rapid de-
watering of the mortar mgkes the laying of the top brick

very difficult, regardless of its suction rate.

(iv) "The brick type is important, but there is a
lack of agreement as to which is best."

The results from the three programmes in which both
facing and engineering bricks are used consistently show

that the engineering bricks give a lower bond strength,
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despite both brick types having low suction rates.
Differences between the two brick types are shape, weight,
roughness and chemical composition, but it is not clear
which has the greatest influence on bond strength.

(v) "Generally smooth bricks give higher bond
strength than rough bricks."

The trend of the experimental results is entirely
contrary to this statement, the enginéering bricks being
more smooth than the facing, although because of the .
other differences stated above, it is not certain that
smoothness is the cause of the lower bond strengﬁh.

(ix) "Bond strenéth does not necessarily increase
with cement content; high-lime mortars are
often superior for use with stiff-mud shale
bricks." S

The eﬁgineering bricks are of this type and do show a
higher bond strength with 1:1:6 mortar (figure 9.6). In
contrast extruded facing bricks show a general increase
in bond strength with cement content. The enhanced
mechanical keying of the mortar to the rougher wire-cut
facing brick would seem to offer the best explanation for

this behaviour.

(x) "High-lime mortars show improved workability
and retentivity and less shrinkage."

Figure 9.1 shows that for mortars of identical water
content, higher cement content gives higher consistence
as measured by the dropping ball test. This, however, is
not a measure of workability, which may be better judged
by experience., Generally it was felt that high-lime
mortars were less harsh and spread more easily onto the

brick. It will be shown in section 411 that water

retentivity is greatest for high-lime mortars.
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(xi) '"Mortar consistence should be as high as
practicable, particularly when high suction
rate bricks are used."

The comments in section 9.3 on the laying of high suction
rate bricks illustrate the above point. For bricks of
this type, excess water is essential either in the mortar
during mixing, or in the brick by pre-wetting, in order
to counteract the stiffening of the mortar caused by high
brick suction.

(xii) "Higher consistence increases the ratio of
bond strength to mortar tensile strength and
induces failure to occur in the body of the
mortar, rather than at the interface."

The mortar programme results given in tables 9.1 and 9.2
show that mortar consistence does not have any significant
effect on either the mortér flexural strength or the
couplet bond strength., Failure within the mortar tends to
be related to consistence.for Holbrook facing brick
couplets with mortar grades (iii) and (iv), but not for
Southwater engineering brick couplets. Table A1.9 shows

the behaviour of Holbrook brick couplets more clearly.

(xvi) "Pre-wetting low or medium suction rate bricks
could reduce bond strength."

The overwhelming evidence from the mortar.programme and

the sand grading programme is in support of this state-

ment. Bond strengths of facing and engineering bricks of
low suction rate are reduced by up to 30%.

_(xviii) "Damp curing conditions improve bond
strength."

It can be seen from table 9.7 that couplets subjected to
wet curing conditions show significantly higher bond
strength than those cured in relatively dry conditions.

(xix) "Freezing can be detrimental to bond."

rr



In the case of both facing and engineering brick couplets,
freeze/thaw conditions gave lower bond strength than the
standard cabinet curing conditions. In no cases, however,
were the joints fractured due to freezing.

(xx) "ﬁelay between placing mortar and top brick
will reduce bond strength, particularly for
high suction rate bricks."

It was visibly apparent during the manufacture of couplets
for the suction rate programme, that the upper surface of
the mortar became progpessively dewatered before the top

brick could be placed. This effect was most pronounced

when the highest suction rate bricks were used.
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11. THE MOISTURE CHARACTERISTICS OF MORIAR.

As a general hypothesis of the bond strength of
brickwork it may be stated that there will exist within
the mortar a distribution of tensile strength, such that
failure will be initiated from the point where the tensile
étress first exceeds the tensile strength. From the
literatupg reviewed in section 2 and the experimental
resdlts‘in.éection 9 it is clear that the movement-of
water from the mortar to the brick is an important factor
contributing to the determination of the tensile strength
(L5).

This hypothesis will be éiscussed fully in section
13, but as a pilot study of the possibility of epplying
unsatufated flow theory to the problem of water movement,
the work of this section was carried out.

In essence the theory regards a porous material as
being homogeneous, and having behaviour characterised by
three properties, which.are functions of the moisture
content, 6. These properties are the hydraulic conductiv-
ity, K; the diffusivity, D; and the cepillary potential,
Y (13). Each functional relationship can be determined
experimentally and the three are related by the simple
expression

D = K(da¥/de).

.Unsaturated flow theory seems to have certain
advantages for the purpose of classifying building
materials and predicting their behaviour. According to
Hall (L6), “.... the microstructures of technical build-

ing materials are complicated -and cannot yet be adequately
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described mathematically. At present, flow proéesses in
building materials are more amenable to macroscopic
analysis." In addition, the theory relies on concepts
which have‘a sound theoretical basis and, as such, is
amenable to énalytical and numerical develooment (eg. the
infiltratidn solution of Brutsaert (47), which gives
moisture content as a function of time and location with-
in an initially dry porous medium).

In view of the possible future use of unsaturated
flow theory for the prediction of moisture movement from
mortar to brick a short series of experiments was carried
out. This was designed to determine the relationship
between capillary potential (soil suqtion) and moisture
content for the four grades of mortar used in the mortar
programme (section 6.1). Such a relationship is known as
a moisture characteristic of the material.

The experimental set-up is based on the modified
suction plate method of Croney, Coleman and Bridge (L8).
The apparatus, shown in fjgure 11.1, consists of a 50mm
diameter sintered glass filter which sits inside a
perspex tube., The filter porosity grade is the finest
available (grade 4, mean pore éize about 1qu)_in order
to minimize the possibility of air infiltration under -
suction. A 2m long, 2.5mm diameter capillary tube
indicates movement of water from the sample. At the
other end a movable-limb manometer controls the suction,
which is incressed in increments. Initially equilibrium
is established by adjusting the manometer, with the water

-saturated glass filter sealed onto its seating using
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vacuum grease. The mortar sample, of known water content,
is packed onto the filter with the tap closed to avoid
movement of the meniscus. The manometer limb is adjusted
to allow for the additional pressure head due to the
raising of the water surface from filter level to mortar
level. Compensation must also be made for the cépillary
head at the meniscus, which for the 2.5mm tube amounts to
about 12mm. At this point, h, and the capillary head
combined should be exactly balanced by hp, so that when
the'tap is opened the meniscus should remain stationary.
The manometer limb is then successively lowered and
readings are taken of the meniscus movement when equi-
librium has been reached. In the early stages this may
take several minutes to occur, but as the moisture content
is reduced, equilibrium is reached more quickly. The test
was stopped when the limit of travel of the manometer
limb was reached or when the air began to leak past the
sintered glass disc.

From the movement of the meniscus along the
capillary, the moistufe content of the mortar sample
could be calculated, with the assumption that the moisture
content was uniform throughout the thickness of the
sample. The initial moisture contents of the four mortar
mixes were determined according to appendix 3 and gave

the following results:

Mortar grade Initial Moigture Content
cmd/cm3
1:%:31 0.333
Tiathz 0. 331
1:1:6 0. 329
1:2;9 0. 329

The fesults of the suction tests are shown in figure
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11. 2. Capillary potential has been calculated as the net
suction (h1¥h2+approx.1.2cm) acting on the mortar and has
been plotted against moisture content. It can be seen that
above a suction of about 10cm each mortar grade shows a
linear relatibnship of approximately the same slope and
that the curves are ordered in the expected manﬁer,
implying that moisture is retained better by mortars
containing more lime.

An interesting feature of the characteristics is the
way that the moisture content is rapidly reduced from
saturation under very low suctions in the early stages of
the tests. This could be taken to imply that if mortar is
subjected to very low suction forces (as, for example,
from s dense engineering brick) the resulting moisture
content of the morter will be uncertain and the physical
properties of the hardened mortar joint subject to
correspondingly large variations. Perhaps this mechanism
explains the'higher coefficients of variation noted
throughout section 9 for Southwater engineering brick
couplets. |

Following the successful tests on mortars, it was
decided that bricks should be trested in the same way.
Fowever, practical difficulties meant that this could not
be doné. There were two main problems. Firstly, the.
sintered glass discs were not flat and good.contact could
not Be achieved with the brick discs. Secondly, the
porosity and suction forces of the bricks were such that
the eguipment vas not sufficiently sensitive to give

adeguate results,
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According to Philip (13), the processes of suction
and absorption may be described by the following eguation:

20 _5(06) - dk, 36
3t a‘i(Daz) 3o’ 9z

where t=time,-z=distance and the other symbols have been
defined previously. The last term may be dropped if the
effects of gravity are’negligible, as suggested by
Gumnerson, Hall and Hoff (L45). In‘view of the short
periods of time involved and the small secale of the medium,
this seems to be a reasonable aséumption.

Solutions to this eguation may be obtained for
particular cases using the finite difference method, but
analytical solutions of a general nature will require
simplifying substitutions, such as Boltzmann's trans-
formation to be made (13).

The theory has the potential to predict the movement
of water from mortar to brick, but there are several |
difficulties:

(1) experimental data are required on the hydraulic

properties of both mortar and brick,

(ii) Darcy's law may not hold due to the presence
of solutes and mobile particles (u6),

(iii) the hydration reactions cause continuous
changes to occur in the properties of the
liquid phase,

(iv) small changes (6-7,5) in the bulk den?ity of the
mortar may cause large changes (up to 300%) in

the hydraulic conductivity (L49).
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As an experimental verification of the theory,
there are techniques which can be used for measuring
the moisture content of the materials. Of these the
most promising appears to be gamma ray absorption

(50,51,52).
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12, CHEMICAL ANALYSIS OF MORTAR BY X-RAY DIFrRACTION.

12.41. Introduction.

The purvose of this aspect of the work was to examine
the possibility of using x-ray diffraction to determine
the crystal structure of mortar from a brickwork joint,
and to relate that structure to the various mechanisms
involved. The structure of OPC hydrated under various
water/cement ratios is examined and compared with mortar
samples taken from brickwork'joints. ‘

X-ray diffraction is a method of chemical analysis
whereby particular crystal structures, rather.than the
constituent elements, can.be identified. Any compound
which has a regular crystal structure will diffract x-rays
in & way which depends on the arrangement of atoms within
its crystal lattice. Substances which are amorphous in
nature will ﬁbt normally be detectable by this method.
Any particulsr crystalline substance will show a 4iff-
raction pattern which is unique and can be identified by
@ matching-up process, using standard patterns.

Figure 12.1 shows a typical x-ray diffraction out-
put with most of the peaks identified as either quartz
(sand in the mortar) or the hydration products, which in
this case are portlandite and calcite. Peak intensities
are measured in counts per second (cps) or may be rep-
resented as a percentage of the highest peak. |

Lattice spacings may be calculated using Bragg's
Law, 2d sin © = nX, where A depends on the x-ray source.

Many of the hydration products of cement are

crystalline in form and standard diffraction patierns
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C - calcite
P - portlandite
& - quartz

70° 600 50° L0° 300

Figure 12.1. Typical x-ray diffraction output.
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exist for them. A notable exception is the C-S-H gel,
which 1s amorphous.

12.2. OPC Paste.

Samples of OPC paste were hydrated at water/cement
ratios of 0.2,0.3,0.l4 and 0.5 for 28 days before testing.
Each mix was cast as & small slab (25x100x7mm) from which
the test sample (10x10x7mm) was cut. The slabs were
individually cured in sealed plastic bags du?ing the
hydration period. \/hen removéd from the bags; the slabs
were still moist and water had condensed on the inside of
the bags, showing that the curing environment must have
had & high level of humidity.

The results of the four samples are shown in figure
12.2, from which it can be clearly secn that only two
constituents are present in crystalline form, namely
alite (calcium silicate) and ﬁortlandite (calcium
hydroxide).

An approximate integration of the peak intensities
shows thatAthe ratios of alite to portlandite present are
16:1,24:1,13:1 and L4:1 for the four samples with water/
cement ratios of 0.2,0.3,0.4 and 0.5 respectively.

The results show that the relative proportions of
the hydration products in the cement paste are dependent
upon the water/cement ratio. l

123, . Mortar from Couplets.

Specimens were prepared which consisted of each of
the four grades of mortar in combination with both South- -
water engineering and Holbrook facing bricks. Couplets

were chosen that had ‘been laid dry, using mortar of the
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same consistence. Specimens were prepared from the top
failed interface for which the bond strength was about
average for each batch.

Figure 12.3 shows the results of these tests with the
approximate cénstituent proportions tabulated for each of
the eight samples. These values are obtained by the
simplified method of summing the peak intensities (in cps)
for all the peaks corresponding to that constituent.

Portlandite was found in greatest abundance in the
1:%:3 mortars, but ettringite was not found at all. Some
of the peaks remained unidentified, mainly for the mortars
from the engineefing brick couplets. The development of
calcite is well advanced, probably because of the several
months which elapsed between the manufacture of the
couplets and the cutting of samples for x-ray diffraction.

| Because of this delay, the proportions given in
figure 12.3 can only give a general indication of the
nature of the constituents, demonstrating the potential of
this method of analysis.

The relative intensities of the peaks given in the
standard patterns correspond to a random distribution and
orientation of the microcrystals. If any test sample
displays relative peak intensities which are different
from the standard, it can be implied that there is &
preferential orientation of the crystals, at least over
the small area of the sample.

It can be seen in'figure 12.3 that the mortar
removed from the facing brickrshows a marked difference in

peak intensities from the standard for the major peaks of
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guartz. This 1s particularly noticeable for mix 151:6 for
which the 1.817f quartz peak is greater than the 3.3L43}
peak, but the opposite is true for the intensities of the
standerd. These differences are much less marked for the
engineering bfick samples. A possible but tentative
explanation of this behaviour is that the perforested
facing bricks, which are the more porous bf the two, allow
a greater degree of consolidation of the mortar which |
could give rise to a preferential alignment of the sand
grains. Of greater concern, however, would be any similar
anomzlies occuring in the peak intensities of the hydrat-
ion products. An analysis for the peaks of portlandite
from the couplet samples shows that the relative inten-
sities seem to match those of the standard, indicating
that the orientation of crystals is random, alfhough the
low intensities make quantitative analysis inaccurate.
Calcite, on the other hand, with a higher intensity
response, scems to be weaker than would be expected for
the major peak at 3.035&, for all specimens.

According to Grandet and Thenoz (53), there are
carbonation reactions taking place in hiﬁrated cement
which convert portlendite, ettringite and amorphous C-S-H
into calcium carbonate. They report that portlendite
reacts very slowly to give calcite; ettringite reacts'more
quickly to give calcite and aragonite; and the C-S-H gel
gives calcite and vaterite., Carbonation products other
than calcite, however, have not been identified in the
present anslysis.

Taylor (54) and Grandet (55) are agreed on the early
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development of ettringite, but Taylor differs in that he
gives the degeneration product of ettringite as mono-
sulphate. Ettringite has been found by Grandet to form
where the water content has been reduced.

12. 4. Concldsions.

The present work and that of others, such as Grandet
(53,55), show that the nature of the hydration products
at the interface is dependent upon the mix proportions
and on the moisture content at that position. The purpose
of this aspect of the work can now be seen in relation to
the unsaturated flow theory discussed in section 11.
Results from a comprehensive series of x-ray diffraction
tests might be used to predict the form of the hydration
products at any point if the eguilibrium moisture content

is known at that point.
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13. A FINAL REVIEW OF BOND AND A HYPOULHESIS.

In this section the hypothesis relating to the ten-
sile strength of & brickwork joint will bs given,
together with detailed discussions of the three stages of
strength development. The hypothesis is fhought to be a
step forward in the sense that concepts and technioues
from several disciplines are drawn upon in an attempt to
describe the tensile behaviour.

13.1. . General Hypothesis.

The tensile strength of brickwork is very difficult
to predict accurately because of the complex nature of
the materials and physical processes involved and the ways
in which they interact. The following hypothesis is an
attempt to describe the events that take place when bricks
and mortar are brought together.

vhen mortar is mixed, one of the first reactions té
take place is that sulphate ions from the gypsum in the
cement pass into solution. These ions attach themselves
to grains of tricalcium aluminate and form around theﬁ a
film of ettringite (56). If a bed of mortar is placed on
e brick there will be an immediate movement of water from
the mortar into the brick due to the suction of the
brick. The water which is absorbed into the brick may
take with it fine solid particles as well as dissolved
ions.

As suction proceeds, unsaturated flow theory
predicts that there will be a moisture gradient in both

‘the mortar and the brick. If a brick is now placed on

N

the mortar bed and either pressed or tapped down, the

95



mortar will be squectsd to a cowmpressive stress. Con-
solidation of the mortar will take place causing an
overail volume reduction and a change in moisture content.

Subsequently, when the application of stress has
ceased, ﬁhere will be a continuation of water movement due
to suction, but now transfer will take place upwards as
well as downwards. In the absence of any further distur-
bance, this process will continge gt an ever decreasing
rate as hydraulic equilibrium is reached and the
‘hydraulic conductivity of the mortar reduces due to
hydration. Early reactions which will reduce the conduc-
tivity are the formation of an ettringite network,
particularly where the water/cement ratio is low (57,58),
and the growth of a hydrated layer around the C3S grains,
although Taylor (58) expresses doubts that such a layer
forms. »

Thus the processes of absorption and consolidation
will control the distribution of the various constituents
within the mortar, with the result that at any point with-
in the joint there will exist a set of constituents
giving a particulasr tensile strength at that point. Not
only will there be a distribution of constituents, but
also a distribution of tensile strength with failure
occuring at the weakest point. Experience shows that ihis
weakest noint is ususlly very close to the brick/mortar'
interface.

13%.2. loisture Movement. |

There are two measured parameters of the materials

which are in present use to describe this behaviour,
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namely the suction rate of the brick and the retentivity
of the mortar. Howevér, these properties sre an over-
simplificafion of the situation and their limitations

" should be noted.

The suctﬁon rate is defined as the mass of water
absorbed vertically through unit area of the bed face of
a brick in one minute. However, even if the suction rate
is & valid parameter, there are difficulties with its
measurement. It has been found to vary at differént
points on the bed face, possibly increasing towards the
edge of the brick (33,41,59), although in some cases this
can be attributed to the high capillary action caused by
a rough textured stretcher face (21,60). West (41) has
calculated the effect of the meniscus on the suction rate
for solid and perforated bricks and concluded that the
errorlin the calculation of the contact area is increased
substantially for a 23 perforation brick if the net area
is used instead of the gross area. In fact the use of the
net area will underestimate the contact area by about U45%,
which is almost five times the error in using the gross
area.

Clearly then, there are practical problems with the
suction rate test, but they can be allowed for without too
much difficulty. Unfortunately there aré more fundameﬁtal
problems which are not so easily dealt with.

It is known that calcium silicate bricks have a
moderate suction rate, but will continue to abéorb water
for a longer period than clay bricks, which may have a

higher suction rate. Different types of brick have
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different patterns of behéviour and it is the relationship
between water absorbed and time that is important, rather
than the one minute suction rate, which is just a single
value from th;s relationship (MS). Furthermore, thefs are
difficulties in applying a value of suction rate deter-
mined from free water absorption, to a situation in which
water is being drawn from a complex porous medium such as
mortar (19,61). It is possible that the mortar is
initially saturated and there will be free water available;
but after a time the capillary potential of the morﬁar
begins to resist dewatering and the behaviour will be
guite different from free water absorption. Grandet and
Thenoz (61) suggest that the specific surface of the dry
mortar constituepts is a useful paramester at this stage.

In order to explain the water absorption behaviour,
theories of capillary absorption are usually developed
which rely on the concept of pore—size distributioﬁ. These
theories are almost always based on a simple cylindrical
pore model, whereas the true situation is very much more
complicated. Pandey and Singhal (62) recognised the
difficulties caused by large discontinuous pores having a
small entry diameter. The behaviour of these pores is
known as the "ink-bottle" effect and forms one of the main
arguments against the cylindrical pore model. Pandey énd
Singhal concluded that thére is no direcf way of knowing
the real pore-size distribufion and that the capillary
pressure is influenced by the size and shape of individual
pores and by the interconnectivity of the overall pore

system. The problem had been tackled earlier by Astbury
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(63) who developed a non-uniform pore hypothesis based on

the following assumptions:

(i) pores are straight and aligned in the direction of
flow,

(ii) pores a;e circular in cross-section, |

(iii) pore radius veries randomly along its length,

(iv) this randomness is the same all along a pore and for
all pores, |

(v) the inner surface should be wetted at all times,

(vi) Poiseuille flow is maintained.

His theory gives correction factors for the simple

cylindrical pore theory which seem to offer s defihite

improvement (64,65).

More recently, van Brakel (66) has examined many
different theories of water absorption and many forms of
capillary. He challenged the terms "pore" and "pore-size
distribution" on the grounds that in a resl material they
do not exist. He defined a porods medium as "a solid
phase dispersed with a non-solid phase between." This non-
solid phase is the continuous pore-space, which does not
consist of interconnected pores beceause a pore has, by
definition, a certain length and recognisable walls.

For water movement through mortar, the problem is
even more acute, Here the concept of seperate pores, or
even an average pore size, appears erroneous. In fact
thére is only one meniscus, the radius of which changes
from point to point (66).

Jansson (67), a decade previously, pointed out that

& real material consists of either a basic mass of solid
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material with connected or closed air cells, or solid
particles in the form of grains which are more or less in
contact with each other. He assumed that during water
absorption the moisture content behind the wetting front
was uniform aﬁd constant, an assumption which he seemed
to confirm experimentally.

Figure 13.1 shows a typical brick surface magnified
970 times, which illustrates the extent to which & real
brick differs from a theoretical cylindrical-pore model.

A recent approach (46,68) has been the use of
unsaturated flow theory developed in soil physics. This is
essentislly a macroscale analysis, which describes water
flow in relation to potentials which can be defined and
measured without reference to microstructure. The purposes
of unsaturated flow theory are to relate the water
absorption behaviour to the well-defined hydraulic
properties of the material and to determine the moisture
content as a function of position and time as described
in section 11.

Using unsaturated flow theory it can be showﬁ (68)
that for horizontal infiltration the total amount of water
absorbed is proportional to the square root of the time.
The constant of proportionality is known as the sorptivity
and has units of kg/m2s?. For vertical infiltration the
effect of gravity complicates the analysis but Gummerson,
Hall and Hoff have shown (45,68) that gravity does not
seem to have a significant effect on the experimental
water absorption by a clay brick.

Test results which confirm the sorptivity relation-

100



Figure 13* 1+ Fletton brick surface using 3EM (970x).
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ship are given by Palmer and Parsons (1) on six different
materials. They assumed, however, that the absorntion
relationship was i=st% instead of the theoretical izst%,
but analysis of the data presented by these workers on
page 629 of t%eir paper shows that the actual behaviour
falls between these two assumptions with a mean of
approximately O.4 for the exponent of t.

Section 11 describes & technique for the determin-
ation of the moisture characteristics of fresh mortar,
which has been used successfully to ‘show the qualitative
difference in behaviour between mortar grades. This method
allows the property of water retentivity to be related to
the concepts of unsaturated flow theory.

Recent technigues have introduced the possibility of
the direct measurement of the moisture content. Nuclear
magnetic resonance has been employed in other fields,
particularly médicine (69), for some time, but its use in
the moisture measurement of building materials is recent
(?O). Other methods in existence which might prove useful
for this problem are x-ray absorption analysis (50) and
gamms ray attenuation (51). These techniques would be
used to measure the_moisturé content gradient that
unsaturated flow theory predicts will occur within the
material. Although Jansson has stated otherwise (67),
there is good evidence that such a gradient exists (33,59

According to Hall (46) the assumption of Darcisn
behaviour, on which unsaturated flow theory is based, may
not always be valid because of the presence of solutes and

small, mobile particles. These objections would seem to

102



be particularly relevent to the situation in which water
is being ébsorbed from mortar, although the magnitude of
their effect is not known.

An approximate assessment of the likelihood of
particle tranéport can he obhtained by the method givén by
Cedergren (71). He gives two conditions which determine
whether migration of fine particles takes nlace through‘a
matrix of iarger size material. Applied to mortar these

conditions are

D15(sand) D5 (sand)

>5 and >25

D85(cementitious) D5o(cementitious)

vhere, for example, D15

is the diameter below which 15%
of the material ralls. ,

The following particle diameters have been inter-
polated from the grading curves of cement and lime

(obtained from the menufacturers) and of the regraded

Auckley sand used in the experimental programme.

Material D15 D50 D85

(mm) (mm) (mm)

Sand F 0.102 0.183

N 0.113 0.223

1C 0.135 0.238

2C 0.165 0.248

30 0.190 0.272

LuC 0.159 0. 280

5C 0.220 0. 420
Cement 0.015 0.035
Lime 0.016 0.039

Table 13.1. Particle size data for Cedergren's method (71)

From the data of table 13.1 the conditions for migration

can be evaluated.



D15(S)/D85(C) DBO(S)/D5O(C)

Sand Cement Lime Cement Lime

F 2.9 2.6 12.2 11.4

N 22 2.9 14.9 13.9

1C 3.9 3.5 15.9 14.9

2C L.7 L.,2 16.5 15.5

3C 5. 4% 4.9 18,1 17.0

LC 4.5 Lo 18.7 175

5C 6. 3% 5, 6% 28, 0% 26. 2%

Table 13.2. Conditions for migration using Cedergren's
method (% satisfied).

From table 13.2 it can be concluded that this method
of evalﬁation predicts that there will be migration of
cement and lime towards the brick in the case of sand 5C
(the result for sand 3C is inconclusive).

13.3.. Hydration and Carbonation Réactions. .

Having established in the previous section that the
mechanical forces of absorption and consolidation will
give rise to distributions of the constituents within the
mortar joint, the various hydration and carbonation
reactions will now be discussed.

The earliest reactions will be the formation of an
ettringite network and the growth of a hydrated layer
around the C38 grains. Crystallisation of calcium
hydroxide as portlandite begins after abbut an hour and
seems to occur in places where there is a high concen-
tration of calcium ions and & high residual water content
(55). |

There is physical evidence that the hydration
products are not distributed uniformly throughout the

mortar (55,56). Ettringite has been found to.occur at the

104



brick-mortar interface in cases where suction has taken
place, but if mortar is bonded to glass plates, the
distribution of portlandite and ettringite will be uniform
throughout the mortar. As long ago as 1940, Staley (72)
stated that 1ims particles are carried‘in suspension and
solution to the brick, increasing the strength and extent
of bond after carbonation has taken place. His findings
were based on examinations of the brick-mortar interface
‘of many existing walls.

Carbonation reactions take plgce slowly over many
years and result in a gradual solidification and strength-
ening of the mortar matrix. Most of the hydration products
of cement appear to be subject to carbonation. The react-
ions, given in section 12.3, were reported by Grandet and
Thenoz (53). A by-product of most of the carbonation
reactions is water, which will give rise to secondary
hydration. Gypsum and aluminium hydroxide, formed during
the carbonation of ettringite, may also combine with
portlandite to form more ettringite (53).

The experimental technigues described in section 12
shdw that it is possible to determine the hydration
products present on any surface cut from a mortar joint.
Such a technique may provide the link between the snalysis
of moisture movement and the prediction of tensile
strength.

13,4, Nature of Tensile Bond.

As part of the working hypothesis it is necessary to
examine the nature of the tensile failure of a brickwork

joint. The tensile strength is usually referred to as the
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bond strength, but for some mortars, particularly those
with a highn 1ime content, failure occurs in tne body of
the mortar rather than at the interface. It is doubtful
whether the term "bond strength" is strictly applicable

to this situa£ion. Indeed, careful examinetion of the
surface of a brick taken from any failed tensile couplet
will reveal a thin layer of mortar coating the brick. This
suggests that failure occurs always in the body of the
mortar, albeit very close to the brick, rather than at the
interface. This concept is supported by Bikerman (73), who
suggests that failure exactly along such an interface is
virtually impossible,

Because of the nature of the failure mode it seems
natural to assume that across a mortar joint there will be
e variation in tensile strength, with failure occuring at
the weakest point. (More specifically, failure will be
initiated at the point where the tensile stress first
exceeds the tensile strength, which will be the weakest
point in an idealised situation with uniform stress.)
Waters (23) also suggests the existence of a strength
distribution and experimental confirmation comes from Lea
(57) who reports that the microhardness tesfing across a
cement-aggregate interfaée reveals a hard layer of thick-
ness 20—30Hm adjacent to the aggregate, followed by a
weaker layer, before passing into the still harder regions
within the main body of the cement. If this is also the
case at the brick-mortar interface, then such a layer
would probably be regarded as a surface stain and the

fracture categorised as an interfacial bond failure.
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Bearing these remarks in mind, the hypothesis is
largely concerned with the determination of the relation-
ship between the properties of the materials used and the
tensile strength variation within the mortar body. However,
the actual bohd between the brick and the mortar must exist,
although its nature is in some doubt. The three possibili-
ties are mechanical, physical and chemical bond, and it is
likely that the true situation is a combination of all
thrée typese. |

For mechanical bond to take place there should be
intimate contact between the mortar and the brick, which
may be facilitated by the use of high-lime mortars (72).
The actual bonding recuires the crystalline products of
hydration to form within the voids of the brick (u,5,7u,
75,76). According to Grandet et al (75), close to the
brick, the main constituent of the hydrated cement, is
ettringite. This occurs as needle shaped crystals approx-
imately 0.05um in diameter, but usually occurs in clusters
of 0.2-0.3um diameter. Thus the diameter of the voids in
the brick should be at least 0.05um and preferably about
five times this size. Having achieved its interlocking,
the crystal structure must be strong enough to transfer
the stress from within the voids to the body of the mortar
outside (3).

The intefface samples examined by x-ray diffraction
and discussed in section 12 showed no evidence of
ettringite but calcite was present. However, it should be
remembered that due to carbonation, ettringite evolves

into calcite.
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Wwhen two particles are close together there are
physical forces which attract them. It is likely that the
najor physical force is Van der Viaal's (76), which may be
as high as 20N/mm? (57). For this force to be important,
contact shoulﬁ be over as large an area as possible and
as close as possible. According to Javelas et al (76),
the distance between calcite aggregate and the hydration
products is about 20K (about ten times the effective
diametr of an~atbm). Cohtact must be very close as Van der
Waal's forces vary as R’6, where R is the separation (77).

Concerning chemical bonding, there is some disagree-
ment. Many workers are of the opinion that such bonds
cannot occur between brick and mortar, but Hogberg (L),
for example, holds the opposite view., Others, such as
Javelas (76), agree that chemical bonds do exist under
certain conditions, such as bonding with.calcite aggregete,
Calcite is attacked chemically by the cement gel, forming
an-intermediate solid made up of C-3-H from the gel,
combining with Cat*t and 003'~ ions from the calcite. In
the body of the mortar, Lea (57) attribhtes compressive
strength to chemical valency bonds, which are about one
hundred times as strong as the Van der VWaal forces, the
latter governing tensile behaviour. It seems iikely, how-
ever, tﬁat most brick material will be chemically inert
in relation to cement and that chemical bonds pley

virtually no part in brick-mortar bond.
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14, GENERAL CONCLUSIONS AND RECOMMENDA TIONS FOR IFUTURE
VW/ORK. '

In this finel section the present work will be re--
viewed in general terms and in relation to the state of
the art, the relevance of the various aspects of the work
to the bond hypothesis will be discussed and recommend-
ations for futuree work will be made.

1h.1. The Tensile Test System.

The apparatus described in section 4 has proved to
be very succeésful for the determination of tensile bond
strengths in the range encountered. It is simple both to
manufacture and to operate and, being fully adjustable,
can compensate for differences in joint thickness within
a couplet, or for badly shaped bricks. Including initial
trials, over 41000 couplets have been tested having bond
strengths in the range O.O5—O.51N/mm2. Because a variable
range tensometer was used, the accuracy of the results
was largely independent of the failure load.

14.2. Tensile Test Results.

From table 14.41 it can be seen that direct comp-
arison of results is difficult, because of the difference
in bfick types, etc. The BSH5628 strengths apply to bricks
of less than 7% water absorption, into which category »
both the Holbrook and the Southwater bricks fall. However,
the Southwater brick couplets give much lower strengths
than the Holbrook. Other workers results which are
directly comparable are also shown as being in general

agreement.
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Mortar Designation
(1) (ii) (1ii) (iv)
0.38 0. 33 0.27 0.22

Holbrook facing
brick couplets

Southwater enginesering

brick couplets O.14 0.17 0.19 0.14

BS5628 cheracteristic

tensile strengths 0. 35 0.25 0.25 0.20

Kampf(3) 0.19
Habib,Leeds(12) 0. 38
Palmer,Hall(20) 0.22 0.16

Table 1L4.1. Comparison of ‘tensile bond strength (N/mm?)
results with other sources.

1L4. 3. Importance of Water Absorption.

From the literature review in section 2 and from the
experimental results of the present work it is clear that
the most important process affecting the tensile bond
strength is the absorption of moisture from the mortar,
by the brick. In turn, this will be affected by the
absorptive properties and initial moisture content of the
brick, by the retentive propefties of the mortar and by
the method of laying.

14. 4. Hypothesis of Tensile Bond Strength.

The general hypothesis developed throughout this
work is that the physical and chemical processes of
absorption and hydration create.within the mortar joint a
distribution of constituents*and.tensile strength which
govern the tensile behaviour. The term "tensile strength"

is, in this context, more appropriate than the usual



"bond strength'", as it refers to a failure in tension at
some point within the joint, rather than exclusively at
the interface.

14.5. Moisture Characteristics.

Any predictive method which follows the tensile
strength hypothesis will reguire both the mortar and the
bricks to be quantified according to the properties used
in soil physics. The work described in section 11 shows
that the relationship between capillary potential and
moisture content can be readily determined for mortars,
although & more sensitive method is recuired for bricks
of low suction rate.

14.6. X-Ray Diffraction.

This is a method of chemical analysis which will
identify crystalline compounds on the surface of a small:
(1cm?) sample of mortar or brick. The results of section
‘12 have shown that under different initiasl conditions,
there will be a variety of hydration products. Such a
method might be used to correlate ecuilibrium moisture
content distributions obtained from unsaturated flow
theofy with the predicted hydration products from cement
chemistry.

14. 7. Future Work.

The following are recommendatiéns which would
further the knowledge of tensile bond strength and
support the hypothesis developed in the present work.
(i) Further experimental strength tests on couplets

using bricks without perforation or frogs, for a

range of suction rates and initial moisture contents
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(i1)

(iii)
(iv)

(v)

(vi)

(vii)

and for a range of mortars.

Developments of unsaturated flow theory to encompass
the case of brick/mortar/brick.

Measurement of hydraulic propnerties of brick and
mortar, and correlation witnh established properties
such as suction rate, sand grading, etc.

Adoption of technigues such as gamma ray attenuation
for the measurement of moisture content as a function
of positibn and time,

Development of x-ray diffraction, or similar
chemical analysis method, to identify hydration
products as a function of position within the
mortar.

Relate nature of hydration products to equilibrium
moisture content and to microstrength within the
mortar,

Unificetion of all these technigues to achieve the
ultimate objective of predicting the tensile
strength and mode of failure based on the properties
of the materials and the method of laying and

curing.
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APPENDIX 4. FULL RESULTS FROM BOND STRENGTH TESTS.

The results from independent couplet tests are given
in tables A1.1 to A1.31. Explanatory notes are given
below.

Tables A1.1 — A1.16

Brick : F = Holbrook facing; E = Southwater
engineering.

Mortar : Ei) = 1:%:3; (ii) = 1:3:43;

iii) = 1:1:6; (iv) = 1:2:9.

Wiater : Figure given is percentage by weight of
dry constituents.

Laying : D = 1aid dry; W = 1laid after suction

- rate adjustment.
Number : Number of individual couplets within

group.

Joint Thickness : lMeasured at each corner of mortar joint
prior to testing.

Failure Load : Ultimate direct tensile failure load
in KN.

Length, width : Dimensions of failed surface of couplet.
Failure Stress : Failure load/Area of failed surface.

Mode

T = top plane failure; B = bottom plane
failure; M = failure within mortar;
BT etec. = combination of these.

Sand ¢t F = fine; N = normal; 1C etc. = coarse.

T,M,B : Values are percentages of failure plane
area occuring at the respective
locations. For couplets whose failure
areas total more than 100%, some of the
mortar became detached at failure,

Tables A1.26 - A1.27

Br, T, M, B, Br ¢ Location of failed surface as a
percentage, in the top brick, top plane,
mortar, bottom plane and bottom brick
respectively. Totals of more than 100
as before,

A



Tables A1.28 A1, 31

Curing : a = sealed in curing cabinets for 28 days;
b = wet/dry - submerged for 24 hours on
days 2,9,16,23;
c = freeze/thaw - 24 hour cycle (-uOC to
10°C) ;
d = mist room - 100%r.h.,18°C;
e = constant temperature/humidity -
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F (i) 174 D1 11 12 12 11 L.80 147 100 0.33 B
F (i) 175 D 2 12 12 10 10 5.80 152 97 0.39 T
- F (i) 172 D 3 11 11 10 10 L4.30 450 100 0.29 B
F gi 172 D L 10 10 11 10 5.15 450 100 0. 34 B
F (i) 172 D 5 10 10 10 10 4.60 147 100 0.31 B
F ig 18 D1 1012 11 10 5.70 151 99 0.38 B
F (i) 18 D 212 12 41 11 5.50 149 99 0.37 B
F (i) 18 D 3 10 11 10 10 5.35 147 98 0.37 T
F 1§ 18 D L4 10 10 10 10 6.65 151 100 0.L44 B
F (i) 18 D 5 10 11 10 10 5.60 150 100 0.37 B
F (i) 184 D 1 10 10 11 10 4. 95 152 98 0.33 T
-~ F éi 18§ D210 10 11 10 4.35 149 100 0.29 B
F (i) 182 D 3 10 11 12 12 6,60 153 100 0.43 B
F Ei 18; D4 10 10 10 10 5.10 152 100 0.34 B
F (i) 183 D 5 10 10 10 11 7.55 149 100 0.51 B
F (i) 19 D 1 10 10 10 14 6.50 154 94 0.45 T
F (i) 19 D 2 10 11 11 11 5,20 151 99 0.35 B
F (i) 19 D 3 10 10 10 10 5,40 151 96 0.37 BT
F (i) 19 D 4 10 10 10 10 5,25 153 96 0.36 T
F (i) 19 D 5 10 10 10 11 4,95 148 99 0.34 B
F Ei 19z D 1 10 10 10 10 6,35 149 99 0.43 B
F (i) 195 D 2 10 10 11 12 4,70 147 100 0.32 B
F (i 19% D 310 10 10 10 5,40 152 94 0.33 T
F %ig 192 D L 10 10 11 11 6,45 153 94 0.43 T
F (1) 192 D 5 10 11 11 10 5,85 154 94 0.40 T
F (i) 20 D1 12 1011 96,80 148 4101 0.46 B
F (i) 20 D 2 10 11 10 9 7.10 152 99 0.47 B
F (i) 20 D 3 10 10 10 105,45 151 99 0.36 T
F (i) 20 D410 9 9 9L4.65 148 98 0.32 T
F (i) 20 D 51010 141 95,70 150 98 0.39 T

Table A1.1. Mortar Programsne Results, Holbrook Facing
Brick, Mortar Grade (i), Laid Dry.
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F (i 17; W1 1112 10 10 3.90 152 100 0.26 B
F (i 17z W 2 10 11 11 11 5.80 151 100 0.38 B
F (1) 172 W 3 10 10 10 9 5.45 152 98 0.37 T
F (i) 17z W L 10 10 10 10 6.20 151 97 0.42 T
F (i) 17z W 5 11 10 10 10 5.25 154 100 0.34 B
F (i) 18 W1 11 10 11 11 5.40 152 97 0.37 BT
F i§ 18 W2 11 10 11 11 6.10 155 98 0.4O TB
F (i) 18 W 3 10 10 10 10 5.60 155 96 0.33 T
F Ei) 18 W L4 11 11 11 11 5.10 154 100 0.33 B
P (i) 18 w5 11 12 10 10 4.90 151 100 0.32 B
F (i) 185 W 1 10 10 10 10 6.05 147 100 0.41 B
F éi} 18 W 2 10 11 10 10 6.10 152 100 0.40 B
F (i) 18% W 311 11 11 11 5.45 154 96 0.37 T
F éig 18 W 4 10 10 11 11 5.00 150 97 0.34 T
F (i) 18z W 5 10 10 11 11 5.10 154 97 0.34 T
P (i) 19 W1 10 11 11 11 4.85 154 97 0.32 T
F (i) 19 wW 2 10 10 41 11 4.75 154 97 0.32 T
F (i) 19 W 311 11 10 11 5.20 156 95 0.35 T
F éi) 19 W 4 1010 11 14 L.,50 152 99 0.30 B
F (i) 19 W 5 10 10 11 11 L.70 455 100 0.30 B
P éi) 19% W1 10 10 10 10 4.94 151 96 0.34 T
F (i) 19z W 2 10 10 10 10 L.77 152 97 0.32 T
F (i 19z W 3 10 10 11 11 5.60 154 99 0.37 B
F (1 19?-w L 10 10 11 41 5.50 155 95 0.37 T
P (i) 19z W 5 10 10 10 10 5.05 154 97 0.34 T
F (i) 20 w 1 10 10 10 10 6.30 152 4100 O.L41 B
F (i) 20 w2 10 1011 9 4.60 151 97 0.31 T
F (i) 20 W 3 11 10 10 9 6,10 151 96 0. 42 T
F (i) 20 W 4 10 10 10 10 5.30 153 97 0.36 T
F (i) 20 W 5 10 10 10 10 4,60 152 98 0.31 T

Table A1.2. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (i), Laid Wet.
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i) 172 D 1 10
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i) 17z D 3 10
1) 172 D L 10
i) 172 D 5 11
i§ 18 D1 10
i) 48 D 2 10
i) 148 D 3 10
i) 18 D 4 10
i) 18 D 5 11
(i) 183 D 1 10
(i) 18 D 2 10
1% 182 D 3 10
i) 183 D 4 11
182 D 5 11
Brlck surface
(i) 19 D1 9
51 19 D2 9
i) 19 D 3 10
éi 19 D L4 10
i) 19 D5 9
i 19% D1 9
i 19; D 2 11
i) 19 D 3 10
(1) 192 D L 11
(i) 192 D 5 10
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(i) 20 D5 8

Thickness

(mm)

Joint

10
11
10
10
10

12
11

9
11
11

12
10
10
11

10

12
10
14
11
10

10
10
10
12
12

10
11
11
12
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Table A1.4. Mortar Programme Results, Southwater
Engineering Brick, Mortar Grade (i), Leaid Wet.
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F iig 18§ D1 40 10 10 10 4.40 152 100 0.29 B
F (ii) 182 D 2 10 10 10 10 L4.45 152 100 0.29 B
F (ii) 18 D 3 10 10 11 11 4.90 152 100 0.32 B
F (ii) 183 D 4 10 10 11 14 3.80 146 100 0.26 B
F (ii) 185 D 5 11 10 41 11 5.55 154 101 0.36 B
F iig 19 D112 12 10 10 4.85 152 97 0.33 T
P (ii) 19 D 2 12 13 10 10 4.80 152 98 0.32 T
F (ii) 19 D 3 10 11 10 10 L4.55 149 100 0.30 B
F (ii) 19 D L4 12 11 11 10 4.70 153 100 0.31 B
F (ii) 19 D 5 10 10 12 12 5,80 151 99 0.39 B
F (ii 19% D1 10 10 10 10 5.10 152 97 0.35 T
F (ii) 192 D 2 10 10 14 14 3.60 153 97 0.24 T
F (ii 19§-D 3 410 10 11 10 4,00 148 99 0.27 T
F (ii) 192 D 4 10 10 10 11 L4.00 149 99 0.27 T
F (ii) 192 D 5 10 10 44 11 L4.65 151 99 0.31 B
F (ii) 20 D 1 410 10 12 12 L4.80 152 98 0.32 T
F (ii) 20 D 2 10 10 12 12 5,20 149 100 0.35 B
F (ii) 20 D 3 10 10 12 12 5.40 152 97 0.37 T
F (ii) 20 D 4 10 10 40 10 5.20 152 100 0.34 BM
F (ii) 20 D 5 10 10 10 10 4.90 151 99 0.33 B
F (ii) 204 D1 9 11 10 10 5.30 148 99 0.36 T
F (ii) 20z D 2 10 10 10 10 5.45 150 97 0.38 TB
F (ii 20z D 3 9 10 10 10 5.40 152 95.0.37 T
Fo(ii 207 D L 10 10 10 10 4.60 150 98 0.31 T
F (ii) 202 D 5 114 10 12 12 5,50 153 99 0.36 TB
F (ii) 24 D1 10 10 10 10 4.35 150 97 0.30 T
F (ii) 219 D 2 10 10 12 12 5,05 150 98 0.34 TB
F (ii) 21 D 3 10 10 12 12 5,70 150 96 0.40 BT
F (ii) 294 D 4 11 10 11 11 L.80 152 97 0.33 TB
F (ii) 29 D 5 11 11 41 10 4.90 153 97 0.33 T

Table A15. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (ii), Laid Dry.
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F (ii) 18§ W4 10 10 12 11 4.80 153 98 0.32 T
Fo(ii) 18§ W 210 10 12 12 4.10 153 99 0.27 T
F Eii 18; W 311 10 11 10 3.40 152 97 0.23 T
F (ii 18§ W4 10 10 41 11 L.25 151 99 0.28 T
F (ii) 18z W 5 10 10 10 11 L4.20 154 98 0.23 T
F 11; 19 W1 410 10 10 9 4.30 152 100 0.28 B
F (ii) 19 W2 9 10 10 10 4.50 153 98 0.30 T
P (ii) 19 W 310 910 11 3.90 1514 99 0.26 T
F (ii! 19 W L4 10 10 10 10 L4.15 153 98 0.28 T
F (ii) 19 W 510 9 11 12 4.90 152 100 0.32 B
F (iiy 19§ W1 10 10 12 12 4.20 155 98 0.28 TBx
F (ii) 192 W 2 10 10 13 13 3.75 154 98 0.25 T
F (i1 19% W 310 10 12 13 3.80 152 100 0.25 B
F (i1) 19z W 4 10 10 11 11 L.L4O 152 96 0.30 T
F (ii) 192 W 5 10 10 12 12 4.30 151 98 0.29 T
% Bottom brick broke into two pieces :
F iig 20 W 4 10 10 10 11 4.30 155 96 0.29 T
F (ii) 20 w 2 10 10 11 10 %.93 154 95 0,27 T
F (ii) 20 W 3 10 10 10 10 4.37 153 96 0.30 T
F (ii) 20 w 4L 10 10 10 10 3%.95 152 97 0.27 T
F (ii) 20 w5 10 10 11 10 L4.60 154 4100 0.30 B
F (ii) 207 W 1 10 10 10 10 4.65 154 98 0.31 T
Fo(ii 20% W 210 10 11 11 3.75 154 98 0.25 T
F iiﬁ 20z W 3 11 10 12 12 L.05 155 96 0.27 T
F ii§ 20z W 4 10 10 12 11 4,00 154 99 0.26 T
F (ii) 20 W 5 10 10 9 40 L.4O 155 98 0.29 T
F 211) 21 W 110 9 11 10 3,05 148 98 0.21 T
F (ii) 21 w 2 10 10 11 10 3.30 150 97 0.23 T
F giig 29 W3 910 10 10 3.90 155 98 0.26 T
F (ii) 29 W 4 11 10 11 41 3.70 154 96 0.25 T
F (ii) 29 W5 9 40 11 11 3.40 148 96 0.24 71

Table A1.6. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (ii), Laid Wet.
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E éii 182 D 1 41 10 14 11 2.39 165 100 0.14
E (ii) 18 D 2 10 10 11 11 1.97 160 100 0.12
E (ii) 182 D 3 10 11 11 11 1.73 155 98 0.11
E (ii 18? D4 1C 10 414 12 1,89 160 100 0.12
E (ii) 182 D 5 10 10 11 11 1.77 155 100 0.11
E (ii) 19 D1 10 9 141 11 2.76 153 99 0.18
E (ii) 19 D 2 10 10 10 10 2.35 154 99 0.15
E (ii) 19 D 3 11 14 10 10 2.38 156 99 0.15
E iiﬁ 19 D L4 10 10 11 10 2.40 155 100 0.16
E (ii) 19 D 5 11 10 12 11 2,29 154 99 0.15
E Eii) 192 D1 9 11 10 9 2.43 155 100 0.16
E (ii) 19z D 2 11 10 10 10 2.25 156 100 O. 14
E (ii) 192 D 3 10 10 10 10 2.77 155 100 0.18
E (ii) 192 D 4 10 10 12 10 2.81 159 100 0.18
E (ii) 192 D 5 10 10 10 11 2.53% 156 99 0.16
E (ii) 20 D1 11 10 10 9 2.52 160 99 0.16
E (ii) 20 D 2 10 9 10 10 2.56 158 97 0.17
E (ii) 20 D 3 10 10 11 10 3.07 155 99 0.20
E (ii) 20 D L 10 9 141 10 3.05 157 101 0.19
E (ii) 20 D5 10 10 9 11 2,80 158 100 0.18
E (ii 20% D110 9 10 9 3,90 162 101 0.24
E (ii) 20z D 2 10 10 9 12 2.81 165 100 0.17
E (ii) 20 D 3 10 10 9 11 3.15 157 99 0.20
E (ii) 20 D L, 10 9 10 10 3.54 158 99 0.23
E (ii) 202 D 5 10 10 10 10 3.00 156 4100 0.19
E gii) 24 D111 9 9 10 3.19 161 99 0.20
E (ii) 24 D2 9 9 10 11 2.06 163 101 0.12
E (ii) 21 D 310 8 9 10 =
E (ii) 24 D4 9 8 910 3.04 157 98 0.20
E (ii) 214 D510 9 9 12 2.55 157 99 0.16

H

Gap too narrow to test

Table A1.7. Mortar Programme Results, Southwater
Engineering Brick, Mortar Grade (ii),
Laid Dry.
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F giii 19z D 1 11 11 10 10 4.00 150 99 0.27 T
Fo(iii 19§ D242 14 12 10 3.41 149 96 0.24 T
F (iii) 192 D 3 14 11 10 10 4.08 146 99 0.28 B
F (1ii) 19z D L 12 41 10 10 3.50 150 98 0.24 T
F (iii) 192 D 5 11 10 11 9 L4.62 150 96 0.32 T
F (iii) 20 D1 11 11 10 9 L.13 148 100 0.28 B
F (iii) 20 D 2 12 12 10 10 3.93 147 99 0.27 T
F (iii) 20 D 3 41 14 12 10 3.99 147 100 0.27 B
F (iii) 20 D 4 12 12 10 10 4.06 146 100 0.28 B
F (iii) 20 D 5 10 10 12 11 L4.51 151 100 0.30 B
F (iii) 20 D 1 10 9 10 41 3.56 148 99 0.24 T
- F (iii) 20z D 2 10 10 10 10 L4.41 150 99 0.30 BM
F (iii) 20z D 3 11 10 40 10 3.69 148 99 0.25 T
F (iii) 20z D L 1C 10 10 10 4.06 147 100 0.28 B
¥ (iii) 20 D 5 41 10 41 10 4.00 150 99 0.27 T
F (iii) 29 D 1 11 11 11 11 3.35 151 98 0.23 T
F (iii) 29 D 2 10 10 11 10 3.85 153 4100 0.25 BM
F (iii) 21 D 3 10 10 10 10 3.68 152 97 0.25 T
F (iii) 21 D 4 410 10 10 12 4.28 154 99 0.28 TBM
F (iii) 29 D 5 10 12 12 10 3.87 150 100 0.26 B
F (iii) 242 D 1 11 12 10 9 4. 80 153 100 0.31 BM
F(iii 21? D211 11 11 9 4.50 152 98 0.30 T™
F (iii 21? D3 10 10 10 11 4.32 149 99 0.29 T
F (iii) 212 D L 40 11 10 10 4.62 150 99 0. 31 BTM
F (iii) 21 D 5 10 11 11 10 4.30 153 98 0.29 T
F (iii) 22 D 1 410 10 11 11 L.L42 151 97 0.30 T -
F(iii) 22 D2 9 9 9 9 L.25 152 101 0.28 BM
F (iii) 22 D 3 10 9 10 11 L4.35 151 99 0.29 BTM
F (iii) 22 D 4 10 10 11 11 L4.30 151 97 0.29 T
F (iii) 22 D 510 10 12 12 L4.60 150 97 0.32 TBM

Table A1.9. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (iii), Laid Dry.
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F Eiii 19§ W1 42 15 10 10 3.32 151 98 0.22 T
F (iii) 19z W 2 13 12 11 10 3.89 153 99 0.26 TB
F (iii) 19z W 3 12 13 10 10 3.27 150 98 0.22 T
F (iii 19% W4 11 13 10 10 2.85 147 97 0.20 T
F (iii) 19z W 512 13 11 10 3.68 152 98 0,25 T
F (iii) 20 W 1 10 10 10 9 3.71 150 97 0.26 T
F (iii) 20 W 2 12 11 10 9 2.88 151 97 0.20 T
F (iii) 20 W 3 10 10 11 11 L4.82 152 98 0.32 TB
F (iii) 20 W4 9 10 11 10 L.65 152 96 0.32 T
F (iii) 20 W 5 10 12 11 9 L4.17 154 97 0.28 T
F iiig 20; W1 11 10 10 10 2.57 146 98 0.18 T
Fo(iii 207 W 2 10 10 12 12 3.45 147 99 0.24 T
F (iii) 20z W 3 9 10 10 10 2.90 148 99 0.20 T
F (iii 20? WL 10 10 12 11 2.56 148 99 0.48 T
F (iii) 20 W5 44 10 9 410 2.81 148 99 0.19 T
F(iii) 29 W 1 40 10 11 114 3.12 155 99 0.20 T
F (iii) 29 W 2 11 12 10 9 L.14 155 99 0.27 T
F (iii) 219 W 3 11 10 10 11 3.95 153 99 0.26 T
F (iii) 29 w4 9 10 10 9 3.62 149 99 0.24 T
F (iii) 21 W 5 10 14 10 10 2.88 151 99 0.19 T
'F éiii 21% W1 11 12 11 10 2.97 152 97 0.20 T
Fo(iii 21§ W 21011 10 9 3,79 149 96 0.26 T
F (i1i) 212 W 3 10 11 11 11 3.41 152 95 0.24 T
Fo(iii 21? W4 10 10 10 10 2.71 154 96 0.418 T
F (iii) 21 W5 10 10 10 10 2.89 152 99 0,19 T
F (iii) 22 W 4 41 11 11 10 L4.06 155 98 0.27 TBM
F (iii) 22 w210 9 8 9 L4.48 151 98 0.30 T
F(iii) 22 w3 8 7 9 9 4.53 158 101 0.28 TBM
F (iii) 22 W L4 410 9 9 10 2.98 154 99 0.20 T
F (iii) 22 W5 40 10 9 4C L4.06 453 98 Q.27 T

Table A1.10. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (iii), Laid Vet.
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E (iii) 19 D1 10 10 41 12 3.27 155 102 0.21 TM
E (iii) 19 D 2 41 10 11 13 3.16 160 100 0.20 B
E (iii) 19 D3 9 911 8 2.29 157 100 0.15 T
E (iii) 19 D 4 11 9 10 9 2.60 156 100 0.17 T
E (iii) 19 D 5 10 11 11 10 2.90 157 102 0.18 T
E éiiig 19% D110 11 11 10 3.34 155 99 0.22 T
E (iii) 192 D 2 11 10 12 11 3.80 160 100 0.24 B
E (iii) 192 D 3 10 10 11 10 3.59 155 99 0.23 TB
E (iii 19§ D410 14 10 410 3.19 152 100 0.24 T
E (iii) 192 D 5 11 11 11 9 2.51 157 100 0.416 T
E (iii) 20 D1 9 9 10 10 3.00 156 99 0.19 T
E (iii) 20 D 2 11 11 10 10 3,10 157 99 0.20 T
E iiig 20 D3 9 910 9 2.35 160 100 0.15 T
E (iii) 20 D4 9 9 10 9 2.69 158 100 0.17 T
E (iii) 20 D 5 10 11 10 10 3,02 154 100 0.20 T
E 1ii3 20% D110 9 9 410 2,07 153 102 0.13 T
E (1ii) 20 D2 9 9 8 10 2.56 155 101 0.46 T
E (iii1) 20z D 310 9 10 11 2.48 155 99 0.16 T
E (iii 20; D4 10 11 40 9 1.70 151 100 0.11 T
E (iii) 202 D510 9 9 10 2.62 153 4101 0.17 T
E giii) 24 D1 9 9 10 10 L4.68 155 102 0.30 T™
E 1113 29 D 310 8 10 10 3.19 155 4102 0.20 T
E (iii) 24 D L4 9 8140 9 2.51 160 104 0.16 T
E (iii 21% D1 811 10 8 2,32 165 99 0.14 B
E (iii) 212 D 2 9 10 10 10 3.41 158 100 0.22 T
E (iii) 212D 3 9 11 10 8 2.33% 165 100 0.14 T
E (iii) 215 D L 9 10 10 10 3,26 158 4100 0.21 T
E (iii) 29 D 5 10 10 10 10 3,03 157 101 0.19 T

Table A1.11. Mortar Programme Results, Southwater
Engineering Brick, Mortar Grade (iii),
Laid Dry.
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E (iii) 19 W 1 11 10 11 10 3.15 165 100 0.419 B
E (iii) 19 W 2 44 41 10 10 2.40 158 100 0.15 T
E (iii) 19 W 3 11 12 14 10 1.92 155 100 0.12 T
E (iii) 19 W 4 9 10 10 9 2.89 155 101 0.48 T
E (iii) 19 W 5 10 11 12 10 2.38 156 100 0.415 T
E (iii 19 W 110 9 11 10 2.26 155 100 0.15 T
E (iii 19z W 2 11 11 10 10 1.71 156 97 0.11 7T
E (iii 19g W 310 10 10 10 2.16 155 100 0.14 T
E (iii 19z W 4 10 10 10 10 2.03 155 99 0.13 T
E (iii) 19z W 5 10 14 10 9 1.61 152 4100 0.11 T
E giii) 20 W1 9 9 10 11 1.84 161 100 0.14 T
E (iii) 20 w2 912 9 9 2,12 156 100 0.14 T
E (iii) 20 W 3 10 11 11 10 1.50 155 99 0.10 T
E giii 20 W L4 10 10 11 10 2.66 155 98 0.48 T
E (iii) 20 W 5 11 11 10 10 2.57 155 99 0.47 T
E (iii) 20% w1 8 9 9 8 41,50 160 102 0.09 T
E (iii 20z W2 91010 9 2.2} 160 102 0.14 T
E (iii 20z W 3 8 10 10 8 1.95 162 105 0.12 T
E (iii) 20z W4 9 9 9 9 2,42 158 101 0.15 T
E(iii) 29 W1 9 9 9 9 14.94 160 102 0.12 T
E (iii) 2¢ w2 9 9 9 10 1.72 165 101 0.10 B
E (iii) 219 W 3 10 10 10 9 1.69 157 100 0,11 T
E (iii) 29 w4 9 10 10 9 2.30 165 100 0.14 B
E (iii 21% W1 910 12 10 3.40 157 101 0.21 T
E (iii 21? W2 9 810 9 3.14 160 103 0.49 T
E (iii 21? W3 8 9 9 9 2,54 162 100 0.16 TM
E (iii 21z W L 8 10°9 8 1.91 165 99 0.12 T
E (iii) 21z W5 9 10 10 8 1.79 164 100 0.11 T

Table A1.12. MNortar Programme Results, Southwater
Engineering Brick, Mortar Grade (iii),
Laid Viet.
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F Eiv 20 D1 10 10 10 10 3.32 151 100 0,22 BM
F (iv) 20 D 2 10 10 10 10 2.46 148 98 0.17 BM
F éiv) 20 D 3 10 10 11 10 3,68 153 99 0.24 ™
F ivg 20 D 4 10.12 11 10 3.45 153 95 0.24 TMB
F (iv) 20 D 5 10 11 12 11 3.20 155 99 0.21 BM
F (ivg 20; D110 10 10 10 3.03 150 100 0.20 BM
F éiv. 20z D 2 10 10 10 10 3,06 152 100 O.20 BH
F (iv) 20z D 3 10 10 10 10 2.84 147 97 0.20 TN
F (iv 207 DL 11 12 10 10 2.70 152 96 0.18 TM
F (iv) 20z D 5 10 11 11 11 3.71 150 100 0.25 BTM
P (iv) 24 D 1 41 10 10 10 3,32 151 100 0.22 BM
F (iv) 29 D 2 11 10 11 10 3,04 152 99 0.20 BM
F (iv) 2¢ D 3 10 10 10 11 3,47 150 99 0.23 MB
F (iv) 21 D 4 10 11 10 10 3.84 151 99 0.26 MB
F (iv) 24 D 5 10 10 10 10 3.31 149 98 0.23 MBT
F (ivg 21% D110 10 10 10 3.25 155 99 0.21 MB
F (iv 21z D 2 10 11 10 11 3.87 150 96 0.27 MB
F (iv) 212 D 3 10 11 11 10 3.23 150 99 0.22 MB
F (iv 21z D L 14 10 10 11 3,20 154 99 0.21 MB
F (iv) 21z D 5 11 14 11 10 3.27 150 100 0.22 MB
F (iv) 22 D 1 10 10 11 11 2.93 152 95 0,20 MT
F (iv) 22 D 2 10 10 10 10 3.18 147 99 0.22 MB
F (iv) 22 D 3 10 10 11 11 3.16 147 95 0.23 MT
F (iv) 22 D 4 10 10 11 11 2.61 151 96 0.18 THM
F (iv) 22 D 5 10 10 11 10 3.70 147 97 0.26 MBT
F (iv 22% D110 9 11 10 3,71 152 97 0.25 MB
F (iv) 22z D 2 10 10.10 10 3.51 152 97 0.2, MTB
F (iv) 22 D 3 10 10 11 11 3,78 151 96 0.26 M
F (iv) 22z D 4 10 10 11 11 2.27 151 97 0.16 T
F (iv) 223 D 5 10 10 10 11 3,35 148 97 0.23 MTB

Table A1.13. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (iv), Laid Dry.
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F (iv) 20 W 1 10 10 11 11 3.69 152 99 0,24 Ti
F (iv) 20 W 2 10 10 12 12 3,20 151 99 0.21 TB
F (iv) 20 W 3 10 10 11 11 2.73 152 96 0.19 TM
F (iv) 20 W 4 12 41 11 11 1.98 154 97 0.13 T
F (iv) 20 W 5 41 11 11 44 2,91 4153 95 0.20 T
F (iv 20% W1 10 10 10 10 2,00 152 99 0.13 TH
F (iv 20; W 211 11 11 11 2.62 151 97 0.18 T
F (iv) 202 W 3 10 10 -0 11 2,29 153 97 0.15 T
F ivg 20z W 4 10 10 10 10 3.61 152 98 0.2, MB
F (iv) 20z W 5 10 10 11 10 3.59 150 98 0.24 MTB
F(iv) 29 W 1 10 10 10 11 2.85 152 95 0.20 MT
F(iv) 29 W 2 10 10 11 11 3.20 152 96 0.22 MT
F(iv) 29 W 3 10 10 10 i0 3.08 450 100 0.20 MTB
F(iv) 21 W 4 10 410 12 11 2.88 152 95 0.20 MT
F(iv) 21 W 5 10 10 11 11 3.50 152 96 0.24 MT
F‘(iv§ 21% W1 10 10 10 10 2.40 154 95 0.16 T
F (iv 21z W 2 10 10 12 12 2,10 155 95 0.1L T
F(iv) 21z W 3 10 11 12 11 2,65 152 94 0.18 TM
F(iv) 21z W L 10 10 10 11 2.41 152 94 0.17 T
F(iv) 21z W5 10 11 12 11 2,02 155 96 0,14 T
F(iv) 22 W 1 10 10 10 10 2.11 148 97 0.15 T
F(iv) 22 W 2 10 10 11 40 2.80 150 95 0,20 TM
r(iv) 22 W 3 10 10 11 10 3.13 150 97 0.22 T
F(iv) 22 W 4 10 11 10 11 2.10 150 94 0.15 T
F(iv) 22 W 5 10 10 11 11 2.50 453 97 0.17 T
F(iv 22% W4 10 10 11 11 3.52 149 96 0.25 M
FEiv 227 W 2 10 10 12 11 3.35 150 95 0.24 MT
F(iv 22? W 310 9 12 11 3.18 151 95 0,22 MT
F(ivg 22z W L4 9 9 11 10 2.1 151 97 0.16 TBM
F(iv) 223 W 5 10 10 12 11 2,16 150 95 0.15 TM

Table A1.14. Mortar Programme Results, Holbrook Facing
Brick, Mortar Grade (iv), Laid Wet.
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E (iv) 20 D 1 10 10 41 11 1.86 154 101 0.43 T
E (iv) 20 D 2 11 10 11 11 1.64 160 101 0.10 BM
E (iv) 20 D 3 11 11 10 10 1.84 155 96 0.12 T
E (iv) 20 D L4 10 10 10 10 2.23 4156 100 0O.14 BM
E (iv) 20 D5 9 10 10 12 1.91 156 99 0.12 T
E (iv) 20% D111 10 10 12 41.88 160-101 0.12 BM
E ivé 20 D 210 9 10 10 2.65 158 99 0.17 T
E (iv) 20 D 3 11 10 10 10 2.40 153 99 0.16 T
E iv; 20% DL 11 14 10 10 1.87 156 98 0.12 T
E (iv) 20z D 5 10 10 10 11 2.61 153 100 0.17 TM
E (iv) 29 D1 10 9 9 14 2.74 157 100 0.17 T
E (iv) 29 D 2 11 10 41 10 2.49 155 100 0.16 T
E (iv) 29 D 312 410 10 10 2.88 157 100 0.18 MB
E (iv) 21 DL 9 8 8 9 2.59 158 100 0.16 TM
E (iv) 2¢ D 510 9 10 191 2.22 157 99 0.14 T
E givg 21% D110 9 11 10 2.03 158 95 0.14 T
E (iv 21g D211 14 11 10 1.46 155 96 0.10 T
E (iv) 21z D 3 10 11 12 11 1.02 156 97 0.07 T
E giv) 21z D 4 10 11 11 10 2.08 155 97 0.14 T
E (iv) 292 D5 10 9 9 11 2.44 156 98 0.16 TH
E (iv) 22 D 4 10 14 10 10 1.70 151 98 0.12 T
E (iv) 22 D 2 10 10 11 10 2.30 156 98 0.15 TM
E (iv) 22 D 310 9 11 10 1.90 155 97 0.13 TM™
E (iv) 22 D4 10 9 8 10 2.03 157 98 0.13 T
E (iv) 22 D5 9 410 10 9 1.78 157 98 0.12 T
E (iv 22% D110 9 9 10 2.50 158 95 0.47 T
E (iv 22z D 2 11 10 9 11 2.90 158 99 0.18 T
E (iv 22? D3 91010 9 1.74 160 98 0.11 T
E (iv 227 D L 10 8 911 2.30 158 99 0.15 T
E (iv) 222 D 5 10 10 10 19 41.81 157 97 0.13 T

Table A1.15. Mortar Programme Results, Southwater
Engineering Brick, Mortar Grade (iv),
Laid pry.
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Table A1.16.

Laying

W
W

W
w

w
w
W
W
W

W
W
W
W
W
W
W
W
W
W

W

Number

UEwho-~ UFEFuwnn=s VEFEFW=S Fun-s UEWwWnD -

UVEWwWND =

-

SEGITGY
OO0 VOO

-
N

Joint
Thickness

-\ =

- -~
WO OWW WOOmm OO0 mWYWw

- - QY ~
WO oOow—~0O

-
OWoo-=-00 [@ANe]

)

- - - GRS
OO OO0oOWwW-—=0

-
OWOWOWWw oW

11
10
10
11
10

11
11
10

9

9
13
10
14
11

9
10

9
10

Failure
Load(kN)

2,61
2.00
1.52
2.95
2.12

177
1. 89
2. 37
2. 21

1421
1460
2.06
1.24
1.36

1.39
1.38
1.55
1.52
1.87

1.55
1.51
1,59
1.83
1.74

1.58
2,22
1,38
2.16
2.05

Length(mm)

157
156
157
155
157

157
158
155
159

162
158
160
157
157

155
148
156
153
158

156
161
155
160
154

158
157
158
156
158

Width(mm)

100
100

99
101

101
100

Stress(N/mm2)

Failure
Mode

0.1
Oe1
0.10
0.19
0.13

0.11
0.12
0.15
0.14

0.08
0.10
0.13
0.08
0.09

W~

= H_HEsSaa 98 sd SdEae

0.09
0.10
0.10
0.10
0.12

0.10
0.09
0.10
0.12
0.12

0.10
0.15
0.12
0.14
0.13

(=
=

—

vl

HHEREBAa \bmEsSEE BB EE

Mortar Programme Results, Southwater

Engineering Brick, Mortar Grade (iv),
Laid Wet.
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F D 110 9 10 10 3,60 148 96 0.25 100
F FD 2 10 10 10 10 4.00 151 97 0.27 100
F FD 310 11 11 11 L.10 148 96 0.29 4100
¥ FD 410 14 10 10 L4.50 148 100 0.30 100
F FD 510 10 10 10 4.15 149 96 0.29 100
F FD 61010 10 11 L4.15 148 97 0.29 100
F FD 7 1% 10 10 14 L4.25 1561 96 0.29 4100
F FD 8 -9 10 10 10 L4.60 148 99 0. 31 100
F FD 9 10 10 11 11 L.85 149 100 0. 33 100
F D10 10 14 411 10 3.95 148 100 0.27 100
F ND 110 10 11 11 5.35 152 97 0.36 100
F ND 210 10 10 10 5.75 150 100 0. 38 100
F ND 310 11 11 11 5.90 149 100 0.40 10 90
F ND 4 40 10 10 10 4.80 151 96 0.33 100
F ND 510 10 10 10 L4.LO 151 98 0.30 100
F ND 6 10 10 10 10 5.410 146 100 0. 35 100
F ND 7 11 10 10 10 4.55 149 99 0. 31 100
F ND 8 10 10 10 10 4,20 150 97 0.29 100
F ND 910 9 11 11 L4.B85 152 96 0.33 100
F N D10 10 10 11 10 4,70 150 97 0.32 100
F41CD 1 10 11 10 11 L4.85 149 100 0.33 100
F1CD 212 12 11 11 L4.65 155 98 0.31 100
F1C D 3 10 10 10 10 4.60 152 97 0.31 100
F1C D 4 10 10.10 11 L4.80 149 97 0.33 100 65
F4C D 5 10 10 11 11 L4.65 152 100 0. 31 100
F4C D 6 10 10 10 11 4,70 146 100 0. 32 100
F1C D 7 10 10 10 10 L4.50 148 97 0.31 100
F1C D 8 10 10 10 11 5.50 151 98 0.37 100
F1C D 9 10 10 10 10 5.00 150 96 0.35 100
F 1C D 10 0.36 10 15 80

10 10 40 10 5.30 149 99

Table A1.17. ©Sand Grading Programme Results, Holbrook
Fecing Brick, Laid Dry.
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Length(mm)

149
151
153
148
150
149
146
147
147
150

150
151
150
153
154
151
149
147
149
152

Width(mm)

100
100
100

97

152 100

151
149
153
153
150
152
149
146
150

97
97
96
96
97
95
97
929
96

Stress(N/mm?)

Failure

0.28
0. 30
0. 28
0. 34
O. 31
0. 31
0. 27
0. 26
0.27
0.27

0.25
0.25
0.35
0.28
0. 31
0.28
0. 29
0. 31
0. 34
0. 30

0. 28
0.34
0.20
0.27
0.25
0. 29
0.27
0.25
0.25
0.23

w
a e
b & ac.) gjﬁ
L = (] L M o RN
O ©WH Q 2 o ~ T
~ 8 > E e £ ~©
& @ @ D oc € @ O
m o4l = R~ I |
F FW 111 11 11 11 L.,06
F FW 210 10 10 11 L4.51
F FW 310 10 10 10 L4.11
F FW L4 10 10 10 10 L4.95
F FW 5140 11 10 10 L4.52
F FW 610 10 10 9 4.50
F FW 7 10 10 10 10 3.90
F FW 8 10 10 11 10 3.79
F FW 9 10 10 10 10 3.87
F FW10 9 10 10 41 L4.00
F NwW 110 10 10 10 3.65
F NW 210 10 10 10 3.70
F NW 3 910 10 11 5,00
F NW 4 410 9 410 10 L4.10
F NW 5 10 10 10 11 L.75
F NW 611 11 11 11 L.15
FNW 7 11 10 10 11 L4.30
F NW 8140 9 10 10 ;.50
F NW 9141 10 10 10 5.00
F NWA10 11 410 10 10 L. U5
x Bottom brick broke into two pieces
FI1CW 1 10 10 10 10 4.30
FICW 2 11 10 10 11 5.00
F1C W 3 10 10 10 10 2,85
FI1C W L4 10 10 10 10 L4.00
FICW 511 10 11 11 3.65
F1iCW 6 11 10 10 11 L.25
FICW 7 10 10 12 11 3.85
FI1CW 8 10 10 40 11 3.60
FI1CW 9 10 11 10 9 3,60
F 1C W 10 10 10 10 10 3.35

Table A1.18.,

=

100
100
100
100
100
100
100
100
100
100

100
100
100
100

60
100

100

100
100
100
100
100
100
100

100

Failure
= Plane

UjLocatlon

Lo =
100

100
100

100
30

100

Sand Grading Programme Results, Holbrook
Facing Brick, Laid Wet.
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Table A1.19.

Laying
Number

12
1
10
10
10
12
10
10
10
10

10
10
10
10
10
10

10

10
10

10

10

10
10
10
10
10
10
10
10

Thickness

Joint
(mm)

Failure
Load(kN)

11 11 11 5.80

10
11
10
10
10
10
11
10
10

10
11
11
10
10
10
11
11
10
10

10
11

10
10
10
10
11

10
10

10
10
10
11
10
11
11
11
10

11
11
11
10
11
11
11
10
10
11

11
10
10
10
10
10
11
11
10

10
11
11
10
10
12
10
10
11

10
11
10
11
11
10
11
11
11
11

11
11

10

10
10
11
10
11
11

11 11 12

5.35
5.30
6. OO

U1 Oy OYUT U OYOYUY
L[] . L]
W OO OVIIWNN =

Length(mm)

150
149
146
151
148
147
151
147
150
146

146
146
149
151
150
150
150
152
147
151

450
148
150
151
152
153
151
151
154
151

Width(mm)

100
100
99
97
929
95

100

97
100

95
97
98
95
95
96
95
97
100
oL

96

96
99
97
95
96
o
96
97

Facing Brick, Laid Dry.

2)

Stress(N/mm

Pailure

L3

. L] L]
WW W b bl Wb i ubi W b v Wy
~NO o

~N ool W EFOWWO—= OO

W N
N WO

eNeololololojoNeoXe] OOOOOOO.C)0.0 O0.00.00000SD
W
=

FEuiwE e
NN OWENO

o
W
(O)

Failure
= Plane

S

10

100

100
100

100

100
100

100
100
100
100
100

100

100
100
100

60
100
100
100
100
100

Location

25 65
30 70
20 75

100

100

5 95
50

100

5 95
60

55

- Sand Grading Programme Results, Holbrook
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F2cW 110 11 10 10 3.50 155 97 0.23 100
Fa2Ccw 210 11 10 11 4.65 149 98 0.32 100
F 20w 310 10 10 10 3.35 150 98 0.23 100
Fa2cwW L4 10 114 410 10 3,40 148 96 0.24 100
Fa2ocw 510 11 11 11 3.70 152 97 0.25 100
F2Cw 610 10 10 10 L4.10 150 97 0.23 100
Fa2cw 7 40 10 10 10 3.40 150 99 0.23 100
F2CW 8 11 10 11 10 4.70 152 96 0.32 100
F2CW 9 10 11 11 10 4.05 150 96 0.28 100
F 2C W10 9 14 410 10 4,00 149 97 0.28 100
F3CW 4110 11 11 40 L4.20 153 98 0.28 100
F 3 W 21111 11 10 4.65 153 96 0.32 100
F3W 310 141 11 141 4.75 151 98 0.32 10 10 80
F 3¢ W 4 410 10 10 10 3.70 152 97 0.25 100
F3W 51011 11 10 4.30 147 100 0.29 100
F3 W 610 11 10 11 5.95 153 96 0.40 100
F W 710 11 11 14 L.05 154 96 0.27 100
F 3 W 8 11 10 11 10 4.45 152 96 0.30 100
F3W 91 10 11 41 3.70 151 96 0.26 100
F 3 W 10 10 10 10 10 3.90 150 97 0.27 100
FLCW 110 10 11 10 4.35 152 95 0.30 100
F4OwWw 210 10 410 10 4,00 150 95 0.28 100
Fuw 31111 11 11 3,90 150 96 0.27 100
F 4 W 410 11 10 10 3.75 151 96 0.26 100
"F U W 5 11 10 11 11 415 149 97 0.29 100
FLCW 610 10 11 10 5.10 152 97 0.35 100
FLUCW 71112 11 10 4,00 150 97 0.28 100
FuU W 81010 11 11 4.10 149 97 0.28 100
FLCW 9 11 11 10 10 5.05 148 97 0.35 75 55
F 4C W10 40 10 10 10 4,60 146 100 0.32 5 95

Table A1.20. Sand Grading Programme Results, Holbrook
Facing Brick, Laid Vet.
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Brick
Sand
Laying
Number

Table A1.21.

F 5D 1
F5 D 2
F5 D 3
F5 D L
F5 D 5
F5 D 6
FS5CD 7
F5D 8
F5 D 9
F 5C D140
E FD 1
E FD 2
E FD 3
E FD L
E FD 5
E FD 6
E FD 7
E FD 8
E FD 9
E FD10
E WD 1
E ND 2
E ND 3
E ND L
E ND 5
E ND 6
E ND 7
E ND 8
E ND 9
E ND 10

Thickness

(mm)

Joint

Sand
Laid

10 10
11 10
10 10
10 10
10 11

10 11
10 11
11 11
11 11

10 11
10 10
11 10
10 12

10 11
10 12
1112
10 10
10 10
10 10
10 10
10 10
9 10

12 10

Failure
Load(kN)

5.00
. 4O
6.40
5.70
4. 70
5.40

U1 ON
L] ® L]

~Ut -
Uow

[ ] L ] L] L * [] L] . L]

S wubibwlvmowmm oW W I D W E W
L .
NV O FEFOO-=2U OWUNOWWUIIO =\

UUFEFOO—= OO0 Wrr~dUuWwWFuUNE

Length(mm)

142
147
145
146
145
148
148
151
148
154

155
161
160
158
156
157
158
155
157
155

160
158
151
157
155
155
160
156
156
158

width(mm)

101
97
97
98

100
95

101
96
98
96

99
101
101
100
101

98

99

99
100

98

100
97
98

100
99
98

100
99
98
97

Stress(N/mm?)

Failure

0.40

0. 31
0.45
0. 39

Voo o OV

POOO0.000ED .C)OOOO
e o o L] L ] * L] L]
MRV WS W
U1 = U1 U1 NWUIWO N

0.20

0.22
O.14
0.18
0. 21
0.16
0.21
0.24
0.20
0.24
0.1

-

95
95
95

100

95
95
90

100

100 |

100

95
100
100

100
95
100

100
100

100
100
100

Failure
= Plane

Location

95

95

85
30

35

-\
oUW VLuTuTuIW\»

-

100
10 90

10 100

100

10 90

Grading Programme Results, Bricks

Dry.
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Brick
Sand
Laying
Number

F 5C W 1
FE5CW 2
FS5CW 3
FS5CW 4
F 5CW 5
FS5CW 6
FS5CW 7
FECW 8
FS5CW 9
F 5C W 10
E rW 1
E FW 2
E FPW 3
E FPW L
E FW 5
E FW 6
E PW 7
E FW 8
E FPW 9
E F W10
E NW 1
E NW 2
E Nw 3
E NW L
E NW 5
E NwW 6
E NW 7
E NW 8
E NW 9
E N W10

Table A1,22,

Joint

-
[NoANe N @ ANoANe]
-

O

Sand
Laid

Thickness

(mm)

-\
-—
-

-t
o
FE N U
WVWWOWWVWWOWOOOWWOo WO \WO\O

10
10

Failure
Load(kN)

5.10
5,00
5.60
4,10
5.25
L.55
L, 80
50 90
3.35
3.70

1. 80
2.07
1.79
1056
2.57
1.93
1'88
1.83
1.60
2.09

3.19
3011
2. 24
3.12
3+ 39
2.90
3. 28
3.02
3. 21
1087

Length(mm)

151
152
151
152
150
151
152
149
152
151

155

155
149
151
152
154
156
151
151
156

158
158
163
154
155
156
161
157
156
161

Vidth(mm)

97
95
95
95

96
95
95
97
96

100
100
99
101
99
100
101
101
99
99

98
100
98
99
100
96
99

96
99

Stress(N/mme)

Failure

0.35
O. 35
Oo 39
0.28
Oo 36
0. 31
0.33
0.L2
0.23
0.26

0.12
0.13
0.12
0.10
0.17
0.12
0012
0.12
0.11

0.14

0.21
0.20
0.14
0. 20
0.22
0.19
0. 21
0.20
0.21
0.12

failure
= Plane

3

100
100
100
100
100
100

55

70
100
100

100
100
100
100
100
100
100
100
100
100

100
100

95
100
100

95
100

Location

55
5 70

10 90

100

100

Grading Programme Results, Bricks

Wet.
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EICD 4110 10 10 9 L.09 154 99 0.27 100
E1CD 2 941 9 9 L.61 153 99 0.30 25 75
E1CD 3 10 10 10 9 3.60 154 100 0.23 400
E4CD 4 9 14 10 10 3.95 159 4100 0.25 30 70
E1CD 5 10 11 11 10 3.66 155 4100 0.24 100
E41CD 6 9 11 10 9 2.62 155 98 0.17 100
E4CD 7 14 10 1310 2.35 154 97 0.16 100
E1C D 8 11 10 10 11 3.74 153 100 0.24 100
E1CD 9 10 11 10 9 L4.20 152 98 0.28 100
E 1C D 10 10 10 10 9 L.55 153 98 0.30 100
E 2D 110 10 11 11 L.21 158 101 0.26 20 80
E2CD 2 910 9 10 3,84 160 101 0.24 5 95
E2CD 3 9 910 10 L.50 160 99 0,28 10 90
E2CD 4 9 10 10 40 3.30 157 100 0.21 95 5
E2cD 5 711 910 2,96 158 99 0.19 100
E2CcD 6 9 9 9 10 4.39 157 98 0.28 100
E20D 7 9 9 10 41 3.35 162 100 0. 21 30 70
E2cD 8 10 10 9 10 4.00 157 100 0.26 LO 60
E2CD 9 9 11 12 11 3.74 157 101 0.24 30 70
E 2C D10 8 12 11 11 3.33 162 100 0.21 15 85
E3D 1 8140 9 9 3,28 156 100°'0.21 95 5
E 36D 210 10 11 10 4.36 156 99 0.28 100
E3 D 3 9 910 9 3.27 157 99 0.21 55 45
E3 D 4 910 10 10 3.97 153 100 0.25 10 L5 U5
E3D 5 910 410 10 2,60 159 98 0.17 95 5
E3 D 6 810 9 9 3.12 157 98 0.20 95 5
E3 D 710 10 10 40 3.42 154 99 0.22 95 5
E3D 8 91010 9 2.70 158 98 0.17 100
E3D 9 810 10 9 3.47 162 100 0.21 100 55
E D10 8 10 10 9 L4.08 160 100 0.26 100

Table A1.23, Sand Grading Programme Results, Southwater
Engineering Brick, Laid Dry.
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E1CW 110 10 10 10 2.25 157 98 0.15 100
E1CW 210 11 10 10 2.30 156 98 0.15 100 15
E1CW 31010 10 10 3.60 155 97 0.24 100
E1CW 4 10 12 9 11 2,48 4158 99 0.16 100
E1CW 5 9 11 11 10 2.1L4 157 100 0.1L4 100
E41C W 6 10 10 10 9 2.80 158 98 0.18 4100
E1CW 710 10 10 11 2.91 165 100 0.18 5 95
E1CW 8 11 10 10 10 2.76 157 97 0.18 100
E1CW 9 910 9 9 2.79 155 99 0.18 100
E4C W10 9 10 10 9 2.59 158 100 0.16 100
E2CW 41 810 114 10 2.71 157 99 0.417 4100
E2CW 2 911 10 10 3,13 156 98 0.20 100
E20W 310 10 10 10 1.61 153 99 0.11 100
E2cw 4 9 10 10 10 3.39 4154 100 0.22 90 10 45
E2cw 5 810 14 8 3.10 157 98 0.20 100
E2CW 6 910 10 9 3,02 157 99 0.19 100
E2cw 710 9 9 10 2.92 158 98 0.19 100
E2cw 811 1110 9 3.90 154 97 0.26 100
E2CW 9 9 10 10 10 3.31 154 97 0.22 100
E 2C W10 8 10 11 10 3.40 155 98 0.22 100
E3WwW 1 91010 9 2.41 160 99 0.15 100
E3XW 2 9 910 9 2.20 159 99 0.14 100
E3WwW 3 8 8 9 9 1.86 169 100 0.12 100
E3XW 4L 8 910 9 2.97 158 99 0.19 100
E3 W 540 9 10 10 L4.13 159 100 0.26 20 80
E3 W 6 8 910 9 2.95 160 98 0.19 100
E3W 7 81111 9 2.20 158 98 0.14 100
E3W 8 910 44 9 2,27 156 98 0.15 100
E3 W 9 910 10 10 2.40 154 97 0.16 100
E 3 W10 9 1011 8 2,98 158 100 0.19 100

Table A1.2L4. Sand Grading Programme Results, Southwater
Engineering Brick, Laid Wet.
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E4 D 14 91010 9 3,12 162 100 0.19 100
ELN D 21010 9 9 3.15 157 4100 0.20 95 5
EN4 D 3 81010 9 2.96 160 101 0.18 95 5
EuD 4 91010 9 3.00 160 101 0.19 95 5
EL D 5 910 10 10 2,97 160 101 0.18 100
ELD 6 9 8 8 9 2,92 161 100 0.18 100
ELCD 7 -810 10 10 3.12 157 100 0.20 95 5
EL D 810 910 9 2.53 159 101 0.16 100"
E4 D 9 8 910 8 3.00 158 100 0.19 95 5
ELD10 8 9 9 9 3.67 159 100 0.23 80 20
ELCW 4 7 910 8 1.94 160 101 0.12 100
EW W 2 9 9 9 9 2,78160 99 0.18 100 75
E 4 W 310 10 10 11 2.21 155 97 0.15 100
ELW 4 9 910 10 1.60 160 100 0.10 100
ELCW 5 810 10 8 2,47 160 100 0.15 100
ELCW 6 9 141 12 10 2,40 155 97 0.16 100
ELW 7 8 911 10 2.62 159 99 0.17 100
E4cw 8 8 8 8 7 2.41 161 100 0.15 100
ELW 9 7 8 9 82,13 161 100 0.13 100
E 4LC W10 8 1010 9 2.24 153 99 0.14 100

Table A1.25., Sand Grading Programme Results, Southwater
Engineering Brick, Sand 4C.
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Suc.Rate

Number
Water
()

20
20
20
20
20
20
20
20
20
20

G G G G QT G QT G ¢
oW~ EWN =

-~

20
20
20
20
20
20
20
20
20
20

OW O~ OV W N~

-\

20%
20%
20?
20§
20?
20?
20;
20;
20?
203

(CNAGVASVAUNAGTAUVACYAUNACYACY I OB VIV (O IV I VR \C IV VIV

-
OW N O\ E W=

% Stylus

Table A1.26.

10
14
15
16
10
12
11

14
12
11

11
13
11
13
12
13
12
11
11
10

13
12
12
13
10
10
11

10
10
11

Thickness

(mm)

Joint

Failure
Load(kN)

14 3.70

14
11
11
11
12
12
13
10
10

10
14
10
12
11
13
12
12
10
13

12
12
12
10
15
14
11
13
11

-
[\
3

3435
3.55
.45
3. 85
3. 30
3.90
3455
2.85
3. 00

3.35
L.75
3.80
3.90
3. 80
3.0
5. 30

WO W

FFW&NFPF‘\NI\)
OOV OO OOWO

OCoOWVom

Length(mm)

147
152
152
150
152
150
152
152
151
150

145
154
146
145
146

14l

137
151
1141
146

140
145
137
137
139
146

Width(mm)

97

2)

Stress(N/mm

Failure

Failure
Plane
= Location

t
e ]
3

60
95
90
30
50
40
30
95

95
85
80
65
60
20
15
50
50
15

No bond failure
140 93 0.35
138 91 0. 32
147 90 0.30

95

arm restricted giving low readings

25

10
30
15
35
30

10

15
20
15
40
80
60
50
50
30

80

UWU'I\ﬂunU‘lU?

Suction Rate Programme Results.

4£H28

75
50

60

75,

60
90

30

25

55

20
100
65
100
85
95

95
95

Br



Suc.Rate

Number
Water
(3)

L 1 21 142
L 2 21 42
L 329 11
L L4 21 10
L 5 21 14
L 6 21 11
L 7 21 11
L 8 21 10
L 9 21 10
L 10 21 42
5 1 21% 11
5 2 21z 11
5 3 21z 11
5 4 21? 13
5 5 21? 11
5 6 217 11
5 7 21z 12
5 8 21? 15
5 9 213 13
5 10 213 10
6 1 22 42
6 222 12
6 3 22 10
6 L4 22 13
6 5 22 11
6 6 22 14
6 7 22 153
6 8 22 142
6 9 22 41
6 10

x* Estimates based on incomplete contact

Table A1.27.

Joint

10
10
11
12
11
11
13
11
11
14

11
11
12
13
11
10
13
13
12
11

13
12
13
14
11
11
114
11
11

Thickness

(mm)

12

13
13
10
10
13
11
10
12
12
12

10
10
10
11
10
11
12
15
12
11

10
10
13
11
10
13
13
11
11

Failure

L]
o U xOoONMOON—- o &
O oOooouUvoowVUIUOo

WO -D'&NU"EJ’V\)JI\)-C'*‘WI\J

W
W

=~
(@]

L

4. 66
3.51
2.83
2. 88
3. 32
2. 91

3.07
2. 91
2.00
1.78
2.50
0. 91
3. 26
0.67
2.45

Load(kN)

Length(mm)

142
143
142
110
110
145

Width(mm)

65x
65%
50=x
80x
95%
80x

No bond

135
130

97
OLx

As no.7

Vesmall

138
140
140
145
125
135
140
140
140

140
140
120
150
140
140

90

50
140

£

98
35=%
55x%
98
95%
70x
90
85=x
80x

70x

50=%

50=x
50%
LOx
L5x
90=
90=x
50=%

22 Broke durjing handling

29

Stress(N/mm?)

Failure

0. 26
0. 34
0.26
0. 47
0.25
0. 3L

Br

failure

Oo 38
0. 31
above

OO OWDmmN

OOO.C)OOOO
NDPDDWWWN = N

o
.

N
o

10

90
10
.80

50

100
90
100

80
70
85

30

Location

FaFailure
Plane

M

70 30
100

100
80 20
70 30
95

o=
25
25 75

100

70 30

100
20 . 60
5 95

10 10
10 30

10 10

30
15
80 20
60 10

Suction Rate Programme Results.

B Br

75 .
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10
10 15

10 10



Brick
Curing
Number

10
10
11
12
10
10
10
11
10
11
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10
11
11
10
11
10
11
10
11
11

(oo oo dioiofiogioniogey
OV~ O FEF WD -
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10
11
10
10
11
11
11
11
10
10
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Table A1,28.

Thickness

Joint -
(mm)

11
1

10

11
10
10
10
10
10
10

10
11
10
11
11
11
10
10
11
11

10
10
10
11
11
11
11
10
10
10

10
11

11
11
10
10
10
10
11

11
11
11
11

10
10
10
10
10

10
10
10
10
11

10
10
10
10

10
10
11

12
12
10
10
10
10
11

10
10
10

10
11
1
10
10
10

10

10
10
10
10
10
10
10
10
11

Failure
Load(kN)

N WO O OO = =

e e & ®

e o o o o o o o
Vi~ O\ --WwWx F-2WOUuuw-+00-—

*
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Length (mm)

150
151
151
151
150
150
153
150
151
151

145
149
146
149
147
151
150
147
152
149

152
149
152
146
150
154
147
153
148
152

Curing Programme

Facing Brick.

A30

Width(mm)

100
100
100
100
98
99
95
100
100

Stress(N/mm2)

Failure

W W W W
O~ W O o= OW

WUWWWWULWWWEW SR

® e ® © o e © o

eJoloNolooloNeoXeleolNoloRololololoJoJ ool oNolojoloJoNoRoNoN e

QPNUNDNOWEMNMDW WOEWWWO 0O N

Failure
= Plane

100

50
100
100
100
100
100

100

100

100

100
100

Location

100
100

75

100
100

94
100
100
100
100
100

97

95
100

95
100
100 -

100
100

Results, Holbrook
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Fa 11010 10 11 6.30 148 100 0.43 100
Fd4d 211 11 11 10 5.95 148 100 0.40 100
F4da 310 11 11 10 6.50 154 100 0.42 13 87
F4d 411 11 11 10 6.10 155 100 0.39 8 92
Fa 51111 11 10 6.10 149 97 0.42 100
Fa 610 11 1414 10 6.35 450 98 0.43 100
Fda 711 10 10 10 7.05 155 97 0.47 100
Fd 811 11 10 10 6.55 150 100 O. 4L 5 95
Fada 911 11 11 11 5.70 4150 100 0. 3% 100
Fd4d410 11 11 10 11 5.60 149 100 0. 38 2 98
Fe 111 10 11 11 5.30 153 98 0.35 100
Fe 211 10 10 11 5.50 151 100 0. 36 100
Fe 31010 11 11 5.30 148 100 0.36 100
Fe 410 10 11 12 L4L.60 1514 100 0. 30 100
Fe 511 10 11 12 4. U5 150 99 0.30 100
Fe 611 10 10 11 5.75 153 100 0. 38 100
Fe 710 10 10 12 5.10 150 100 0. 3L 100
Fe 810 10 10 10 4.50 149 100 0. 30 100
Fe 911 10 11 11 5.00 148 99 0.34 100
Fe 10 10 11 12 114 L.35 4150 100 0.29 100

Table A1.29. Curing Programme Results, Holbrook
Facing Brick.

a3



Brick
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Number
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Table A1.30.

Thickness

Joint
(mm)

10

10
12
10

10

11
12

11
10
11

13
10
11

10
11
11

10

10

10

10
10
10
11
10
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11

10
10
12
10
11
10
10

10
11
10

10
10

10

10
11
10
10
11
11

10

Failute
Load(kN)

1.64
2.77
2.80
1.87
2.38
1.77
2. 30
3.49
3. 514
2. 00

2,69
3.42
3.28
3.39
2.64

3,26

2.58
3.20
3. 8L
2. 61

2.07
2. 82
2031
2,62
2.73
2.65
2.14
2,22
2.94
2.92

Length(mm)

160
158
155
158
155
160
156
156
155
148

156
152
155
153
157
155
156
160
160
156

157
157
157
154
155
155
156
157
157
152

width(mm)

100
100

929

98
100
100
100
101
100

99

95
101
929
99
101
99
100
101
101
100
100
101
101
101
100
101
99
101
99
101

N/mm?)

Failure
Stress(
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Curing Programme Results,
Engineering Brick.
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Failure
= Plane
Location

-3
ve)

100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100 |
100
10 90
100

100

85 15
100
100 15
100
100
100
100
100
100

Southwater
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Ed 11111012 9 2.40 160 104 0.14 2 98
Ed4d 2 910 11 9 3.07 158 101 0.19 100
Ed 31011 11 9 2,60 156 99 0.17 95 5
Ed4d L 10 13 10 9 3,42 155 400 0.22 92 8
Ed4d 511 10 10 14 3.11 159 4102 0.19 - 30 70
Ed4d 6 11 10 11 10 2.98 158 98 0.19 100
Eda 710 10 10 10 3.40 156 101 0.22 L5 55
Ea 8 9141 9 9 1.58 163 102 0.10 20 80
Ed 910 9 9 9 2.72 159 102 0.17 97 3
E 410 10 11 10 10 2.68 155 101 0.17 100
Ee 1 910 10 11 1.27 156 99 0.08 100
Ee 210 9 11 10 1.50 157 98 0.10 4100
Ee 31110 11 12 1.73 155 98 0.11 100
Ee 4L 9 812 9 1.31 161 98 0.08 100
Ee 511 1010 11 1.59 156 99 0.10 100
Ee 610 9 11 114 1.50 157 99 0.10 100
Ee 7 9 910 10 1.39 156 100 0.09 100
Ee 810 10 10 10 1.52 157 101 0.10 100
Ee 9 910 10 11 1.17 158 98 0.08 100
E e 10 10 10 10 12 41.65 157 98 0.11 100

Table A1.31. Curing Programme Results, Southwater
Engineering Brick.
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APPENDIX 2. CORRELATION OF BOND STRENGTH WITH WATER

CONTENT.

The results of the mortar programme are summarised in
section 9.1. In this programme there were a total of 480
couplets, divided into 16 groups. Each group is a different
combinatiqn of the two brick types, the two suction rate
conditions and the four mortar grades. Within each group
are five couplets at each of six mortar water contents. A
least squares analysis has been carried out on each of the
16 groups to determine the correlatiﬁn(of bond strength
with the water content of the mortar. The following
relationship is postulated.

f =aw + b .
whére f is the couplet bond strength in N/mm2, w is the
water content of the mortar as a percentage, by mass, of
the dry constituents, and a and b are the coefficients to
be determined.

The coefficient of correlation,r, is given by the
following expreésion | |

r = negw-fw
% Ow

1 =12
where o = n(Z£*)-(F)
! =22
al= §(Zw?)-(¥)
and N is the number of couplets in the group.

From r, Student's t may easily be calculated.

t =r"rr /(N—Z)
1-r

As an example to illustrate the method, the results
for the faeing brick couplets, laid dry, using mortar

grade (i) are given in table A2.1. The coefficients a and

A3l



b may now be calculated.

N = 30 W = 18.75 f = 0.3758

a = Swi-Naf = 0.01792
Zw?-Nw?

b = ZQVZWf—ZfEW" = 0,0398
(Ew)? -NZw? '

The significance of these values may be determined by
calculating r and t.
0.8539 g, = 0.0545
0. 281 t =1.55

Ow

I}

r
From statistical tables,

t=1.17 at the 25% probability level for 28 degrees of freedom
t=1.70 n uw 40% " " " n 0 " "

therefore it can be concluded that the poéitive correl-
ation ié not particularly significant.

Other éets of results yield values of r from -0.448
(significanf negative correlation) to 0.674 (highly
significant positive correlation) but there is no pattern

to the behaviour,
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0. 327 306,25
0.393 306. 25
0.287 306. 25
0,343~ 306.25
0.313 306. 25

0. 381 324,00
0.373 324.00
0.371 324,00
Oo LLLLO n 3214-0 OO
1 0.373 324,00

0. 332 342,25 .1102 6.1420
0.292 342,25 .0853 5.4020
0.L431 342,25 0.1858 7.9735
0. 336 342,25 0.1129 6.2160
0.507 342,25 0. 2570 9.3795

0. 449 361.00 0.2016 8.5310
0. 348 361,00 0.1211 6.6120
0.373 361,00 0.1391 7.0870
0. 357 361,00 0.1274 6. 7830
0.338 361,00 0.1142 6.4220

. 1069 5.7225
. 1544 6.8775
. 0824 5.0225
1176 6. 0025
. 0980 5.4775

.1452 6.8580
6. 7140
.1376 6.6780
.1936 7.9200
.1391 6.7140
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0. 430 380.25 - 0.41849 8. 3850
0. 320 380, 25 0.1024 6. 2400
0. 328 380. 25 0.1076 6. 3960
0.L428 380. 25 0.1832 8. 3460
0.404L 380. 25 0.1632  7.8780

- b = N

e o o o
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20. 0. U455 400, 00 0. 2070 9.1000
20. 0. 471 400,00 0.2218 9. 4200
20.0 0. 365 4,00, 00 0.1332 7. 3000
20.0 0. 321 1400, 00 0.1030 6. 4200

20,0 0. 388 400,00 0.1505 7. 7600
> 562.5 11.274 10568.75  L.3257 211.7795

Table A2.1. Data for Correlation of strength with
water content of mortar.
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APPENDIXAB. MOISTURE CONTENT OF MORTAR SAMPLE.

Moisture content, ©, is defined as the volume of
water per unit volume of mortar. The following gquantities
will be recuired:

Md = mass of dry constituents before mixing.

mass of water added to above.

=
]

5 mass of small sample of mixed mortar.,

volume of water added to dry-cbnstituenfs.

<
=
0

Vg = volume of small sample of mixed mortar.
The mortar is prepared with a known Wateflcontent,d,
so that

M = O(Md?

w
The small sample of‘morta'r will be some proportion,@),
of the total mass, so that
Mg = B(My+Mg)
= g(1+0)Mg.
The sample moisture content may now be defined in
terms of the above gquantities, |

—aV
Og -@_V.V

(1+0)Mg Vg
= MS Mg..
(1+°( Md VS
(o) - X
S 1+ LE

where Ks is the measured density of the mixed mortar. In

section -10 the mortars were mixeg using a water content of
20%, so that in this case, 65 = % .
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