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SUMMARY

Air entraining agents are widely used in Australia to impart plasticity to the fresh mortar. The
entrainment of a large quantity of air into the mortar affects the hardened mortar properties, in
particular the mortar-to-unit bond strength. This report is a summary of the investigations
carried out at the University of Newcastle to evaluate the effects of air entraining agents on
bond strength and mortar microstructure. The microscopy work indicates that the reduction in
bond strength is due to the reduced transport of cementitious material to the brickimortar
interface and through the formation of 'pseudo' ag$egate particles within the cement paste by
the entrained air bubbles. These effects are discussed in this report.

INTRODUCTION

Air entraining agents are widely used in Australia to impart plasticity to the fresh mortar. The
entrainment of a large quantity of air into the mortar affects the hardened mortar properties, in
particular the mortar-to-unit bond strength [1,2]. This report represents a summary of the

investigations carried out at the University of Newcastle to evaluate the effects of air
entraining agents on bond strength and mortar microstructure [3,4,5]. These investigations
formed part of a major joint research project between CSIRO and the University of Newcastle
investigating the mechanisms of bond formation in masonry.

Air entraining agents (AEA) are used to improve the workabilily of rnortars made with sands
which are often graded poorly. The improved workability is achieved by the introduction of
minute air bubbles into the mortar mix and through the reduction of the mortar's bulk density.
AEA are used to partially or completely replace hydrated lime in conventional
cement:lime:sand mortars. Reductions in masonry bond strength often result with dramatic
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reductions occurring when the mortars are overdosed with AEA. AEA overdosing oQcqrs
from inaccurate batching, as typically very small quantities are required, or driven by the
desire to produce a more workable mix than is possible with the recommended dose. Even
with low levels of overdosing, the bond strength may be reduced and not meet the
characteristic flexural tensile strength requirement of 0.2 MPa specified in AS3700:199S t6l.
In extreme cases little or no bond is achieved.

The results from two investigations into the effects of AEA on masoffy bond strength and
mortar microstructure investigations using optical and scanning electron microscopy
techniques are described in the following sections. These investigations represent a
preliminary study across a wide range of AEA concentrations and, a detailed study of the
mortar microstructure and brick/mortar interface characteristics in the AEA bond strength
sensitive range of AEA addition.

PRELIMINARY I}IVESTIGATION

This investigation compared the structure of Portland cement-lime mortar and the same
mortar augmented with varying AEA concentrations. The concentrations ranged fiom the
recommended dose of AEA to fifty times (50X) overdosed. The corresponding bond strengths
developed by these mortars with a typical clay masonry unit were evaluated and the
bricVmortar contact surfaces examined optically and using a scanning electron microscope
(JEOL 840). Fracture surfaces of the mortar across the bed joints were also inspected using
optical and scanning electron microscopes (SEM).

Experimental Procedure

A 1C:1L:6S (cement:lime:sand by volume) mortar was used for all masonry. The initial
control batch was measured on a volume basis and the mass of the components recorded. Five
additional batches were duplicated by mass with increasing concentrations of a commercially
available AEA. The concentrations used were the maximum recommended dose (1.25ml&g
cement) and then 5,10,20 & 50 times this dose. A washed and dried dune sand, local to the
Newcastle area was used. The sand grading is given in Table l- The other dry components
used were Type GP Portland cement and hydrated lime, both in bagged form. All batches
were then mixed for an equal amount of time. The quantity of water added to the mix was
monitored on a mass basis. The total amount added was left to the bricklayer's discretion. For
the air entrained mortars, the appropriate AEA addition was first diluted with water to form a
I litre solution, all further additions consisted of plain tap water.

Table 1. Particle Size Distribution of Washed Dune Sand from the Newcastle Area.

Sieve Size 2.36mm l.l8 mm 600 um 300 um 150 um 75 um
o% Passinp 100 100 96 25 I 0

Several tests were carried out on the fresh mortar including cone penetration, mortar flow and
gravimetric air content in accordance with AS270l Sections 6,7 and 8 respectively [7]. The

units used were solid dry-pressed clay units, having a depression or hog on one bed
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face. The"mean IRA value of these units was 3.4 kglmzlmin. In orderto improve the bri-ck
'layability', each unit was brought to a 4o/o moisture content after oven drying. This was
achieved by placing each unit in an air tight bag and the appropriate amount of water added 72
hours prior to laying. The 4o/o moisture content was selected from preliminary brick laying
trials with various moisture contents for these units.

The masonry constructed with each mortar consisted of two 6-high stack bonded prisms and
three 2-high couplets which were cured in the laboratory for 7 days. For the stack bonded
prisms, the units were laid frog up and care was taken to obtain fully bedded joints. The 2-
high couplets were laid with the flat bed faces forming one joint and were cut for optical and
electron microscopy investigations. The stack bonded prisms were used for bond wrench
testing in order to evaluate the mean bond strengths in accordance with AS3700. Due to the
wide range of bond strengths, three different capacity bond wrenches were used. Two of these
were fitted with calibrated digital readouts, and the third was a specially constructed light duty
wrench for the low strength specimens. The latter consisted of a balanced aluminium bar with
a suspended bucket which was slowly filled with sand to apply a bending moment to the joint.
This device had been used in previous bond studies at Newcastle [8].

Results and Discussion

Fresh Mortar Properties and Bond Snength
An overall sunmary of the fresh mortar properties and bond strength results is given in
Table2. By batching each of the mortars to an acceptable level of workability, as would be the
case on site, it can be seen that with increasing AEA addition the quantity of water required to
produce a workable mix was reduced. The corresponding reduction in the water/total solids
ratio was up to 60%. The effects of increasing AEA concentration on entrained air content and
flexural bond strength are shown in Figure L The entrained air content rapidly increased with
increasing AEA concentration before levelling off to a plateau region where additional AEA
did not seem to entrain fi.rther air. The bulk density of fresh mortar followed a reciprocal
trend to that ofair content. The effects ofincreasing AEA concentration on the flexural bond
strength of masonry was very pronounced, with dramatic reductions once the recommended
dose was exceeded. With increasing AEA dosage the rate of decrease of bond strenglh
reduced but continued to approach zero. The bond in the 20X and 50X brickwork could be
broken with a slight tap.

A change in the mode of failure during bond wrench testing was also observed. For the
control and recommended AEA mortars, the failure surfaces had significant'amounts of
material left adhering to the brick bed surfaces. This type of failure is a mixed tlpe since the
failure was partly along the bed joint (interface) and through the mortar (cohesive). At higher
concentrations of AEA all failures were along the interface (adhesive failures). For the 20X
and 50X AEA mortars the mortar biscuit could be removed easily by hand from the failed
joint.

Mieroscopic Observations

Optical examination of the fracture surfaces produced during the bond wrench tests showed
that there was a visual trend in the degree of contact between the mortar and the units. With
increasing AEA dosage the ability of the mortar paste to penetrate and fill the texture of the
masonry unit bed surface decreased. In contrast, a sawn cross-section of the 1;l:6 control mix
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Mortar Type l:1:6
control mix

1:1:6 +
lxAEAo

l:1:6 +
5x AEA

1:l:6 +
10x AEA

l:1:6 +
20x AEA

l:l:6 +
50x AEA

Air-entrainer addition
(mL ags/kg "*.o,)

0 t.2l 6.05 t2.l 24.2 60.5

Air-entrainer conc. in fluid
(mL e,re /kg 

""r.n, 
&g *n 

"r)

0 0.41 I 2.71 5.66 12.5 38.4

water/total solids ratio 0.227 0.173 0.131 0.126 0.1 14 0.093

water/cement ratio as mixed 2.03 1.55 t.17 t.l2 t.02 0.83

Cone Penetration 7o 75 40 80 90 90 70

Mortar FIow %o t25 100 /) 100 70 75

Bulk Density of Fresh
Mortar (kgim3)

2020 I 870 I 590 1540 1350 t370

Gravimetric Air Content of
Fresh Mortar (%)

1.0 12.9 28.7 3 1.8 40.8 4r.2

Mean Masonry Flexural
Strength (MPa)tlSD

0.9610.13 0.79+0.12 0.1610.05 0.15+0.05 0.06+0.02' 0.04+0.03#

Typical Faiiure Mode mixed mixed along
interface

along
interface

along
interface

along
interface

Table 2. Properties of Mortaxs and 7 Day Bond Strenghs.

Maximum recommended dose.
SD Standard Deviation.
' , # Evaluated from 7 and 8 tests respectively, due to bond failure during clamping.

r'L

*F Mm Flexual Shength -l-% Air Contenl

l0 15 20 25 30

AEA Additio! (mL AEA / kg cemeut / kg wster )

Figure I. Variations of Mean Flexural Strength and Air Content as a Function of AEA
Addition (error bars represent + I standard deviation).
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revealed that this mortar possessed the ability to flow into the fine surface texture of the-urrit
and fill the larger cavities of the brick surface with sand grains and mortar fines. This
observation is consistent with the changes in failure mode and decrease in bond strength.

For the AEA overdosed mortars, the areas where contact had occurred between the mortar and
unit were also examined. These regions showed that the paste left adhered to the surface of the
brick possessed a delicate foam-like structure. For the 50X mortar, the unit bed surfaces
appeared clean to the naked eye. At low magnifications sporadic mortar contact points were
visible.

Observation of cross-sections produced by sawing samples across the bed joint, showed that
the l:1:6 and the recommended dose mortars had the capacity to form dense and continuous
bond surfaces. Some voids were present along the interface. For the l:1:6 mortar these were
irregular in shape as a result of entrapped air, whilst the recommended AEA mortar revealed
more frequent and regular shaped (spherical) voids from the air entrainment. With higher
levels ofAEA the continuity ofthe bond along the interface was reduced to bridges or contact
pads between the unit and mortar. The entrained air bubble structure of the paste became more
noticeable with increasing addition of AEA.

Examination of mortar fracture surfaces perpendicular to the bed joints at low magnifications
allowed the influence of increasing AEA concentration on the mortar structure to be seen, (see
Figure-2). The l:1:6 control mix showed the sand grains held together by a generous volume
of paste, with entrapped air voids being present (Figure-2 (a)). The recommended AEA dose
mortar had a similar appearance, some irregular shaped air voids were still present but there
also was also a number of smaller spherical voids, less than 100pm in diameter, due to air
entrainment (Figure-2(b)). In contrast Figure-2(c) shows the structure of the lOX AEA
overdosed mortax. The cementitious paste bridging the sand particles has been transformed
into a foam structure. Some larger voids remain (500pm in diameter) however there is a
significant increase in the number of bubbles ranging in size from 10prm to 150pm with the
majority of bubbles being in the 20 to 80pm size. The structure of the 50X AEA overdosed
mortar (Figure-2(d)) has a similar appearance although there is a larger number of bubbles in
the 150-200pm size range. Thus it appears that increasing AEA addition not only increases the
air content but also affects the size distribution ofentrained air bubbles.

Conclusions from the Preliminary Investigation

lncreasing the AEA addition to the mortars improved the workability at much lower mix
water requirements (refer to the water/total solids ratio in Table-2). For the overdosed mortars
this represents a decrease in paste volume in the order of 40 to 60%. Whilst this effect is likely
to produce a stronger binding phase, due to the lower w/c ratio, the potential volume of
cementitious suspension which the masonry unit can athact through brick suction is reduced.
The initial lower w/c ratio of the binding phase may not be as irnportant as the volume
available since it has been shown that brick suction can effectively reduce the w/c ratio of the
mortax within the joint [9].

From the data plotted in Figure-l it may be observed that the addition of AEA to the mortar
severely reduces the bond strength at low levels of AEA overdosing. Microscopic observation
of the brick and mortar bed surfaces showed that with increasing addition of AEA there was a
reduction in the flow of cementitious paste to the interface and a transformation of the paste to

rEA
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Figure-2. Fracture Surfaces of Mortars Augmented with AEA; (a) control (no AEA),
(b) Recommended AEA dosage, (c) 10X overdosed and (d) 50X AEA overdosed.

Secondary electon images, bar length: l00gm.

a foamed structure as a result of the high levels of entrained air. Inspection of Figure-2
revealed that the entrained air bubbles effectively become hollow 'aggregate-like' particles
within the cementitious fines. Therefore, the decrease in bond strength was due to the reduced
capaclty of the paste to forrr a continuous and coherent bond layer along the mortaribrick
interface. This is in turn is likely to be due to the reduced flow of the paste as a result of the
lower water/solids ratio and the consumption of the paste to form hollow 'aggregate-like'
particles.

DETAILED II{VESTIGATION AT LOW LEVELS OF AEA OVERDOSEMENT

The preliminary investigation indicated that there was a bond sensitive region at low levels of
AEA overdosement. This secondary investigation focused on this bond sensitive range with
mortar batches being prepared with up to 5X the recommended AEA dose. The microstructure
along brick/mortar interface and the mortar microconstituents were studied in detail over this
range of AEA addition. Brickwork couplets were prepared using the same materials and
techniques reported in the preliminary investigations. Mortar batches were made using no air
enhainment, recommended AEA dose and, 3X and 5X AEA dosages. At 7-days the couplets
were cored using a 25mm diamond core drill. These samples were used to prepare specimens
of a suitable size for SEM inspection. Polished sections across the bed joint and the exposed
brick and mortar bed surfaces were examined with optical and SEM techniques. A full
description ofthe procedure and is presented in reference [4].
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Results and Discussion of Detailed Microscopic Investigation

Polished sections acloss the BricHMortar Interface :

Optical examination of the polished sections conf,trmed the paste volume differences in the
body of the mortar and the reduction in the continuity of contact along the interface noted in
the previous study. Scanning electron micrographs taken along the brick/mortar interface are
shown in Figure-3. The black regions correspond to axeas that were void spaces and have been
filled with epoxy resin during the impregrration. The discrete grey particles represent the sand
aggregate and the lighter grey portion represents the paste component of the mortar. Note the
distinct trend in the reduction of paste available to bind the aggregate particles and the reduced
contact along the interface as overdosing increases (Figwe-3(a) to (d).

\),
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Figure-3. Polished Sections across the Brick/Ivlortar Interface for (a) without AEA,
(b) recommended AEA dose, (c) 3X AEA dose and (d) 5X AEA dose.

Secondary electon images, Bar Length = lmm.

The 1:1:6 control mortar (Figure-3(a) has a continuous layer of paste along the interface with
a generous volume of paste binding the sand particles together, usually encapsulating the
aggregate particles. A distribution of irregular shaped (entrapped air) voids can also be
observed ranging from approximately 0.2 to lmm across. The recommended dose AEA mortar
(Figure-3(b)) also shows continuous contact along the interface although the layer of paste is
not as thick as that observed for the contol mortar. The air voids are more regular in size and
rounded in nature. For the overdosed mortars (Figure-3(c) and (d)), the contact along the
interface is not as continuous but is limited to the footprint of the aggregate particle on the unit
surface. Note the reduction in the quantity of paste binding the aggregate particles together and
the small (<100pm across) rounded shape of the entrained air bubbles. The reduction in
contact along the interface, which occurs through the addition of low levels of overdosing,
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explains the observed changes in the mode of failure and loss of bond strength noted i! lhe
previous investigation.

Mortar Microconstituents qt the BricVMortar Interface
A number of specimens for each mortar were examined optically and on the SEM' For the

control mortar, fracture along the brick/mortar interface was achieved by placing a notch at

the interface. Both the "*pot"d 
masonry unit bed surface and corresponding mortar sulfaces

were studied. However, if was easier to assess the microconstituents from the mortar surface

samples. Typical micrographs of the mortar bed surface taken at low and high magnification
*" ,ho*o itr figu.e-+ for the control, recommended dose and 3X AEA overdose mortars.

lnspection of the mortar side of the bed joints of the control mix revealed the dense,

continuous bond layer of paste with large inegular shaped entrapped air voids which had

formed along the bed surface (Figure-4(a)). The recommended AEA mortar had a similar
appearance with the air voids being smaller and more frequent' Smaller spherical voids were

aiso present (Figure-4(b)). For the ix npe overdosed mortar three regions could be observed

at low magnifications (ief"t to Figure-4(c)): areas where the cementitious foam had been

ruptured (as some mortar material had been left adhered to the brick surface); ateas where no

contact had been made (these could be identified by the 'closed' appearance of the bubbles);

and areas where the brick/mortar contact had been separated (mortar had failed adhesively).

There were no other visual differences between the 3X and 5X AEA overdosed mortars

despite the differences in mixing water and air contents'

Using the SEM at higher magnifications it was possible to examine the morphology of the

hydra-tion products formed inlhe vicinity of the brick surface by studying the regions on the

specimens *here the mortar had failed adhesively' The tlpical features are shown in Figure-

+14;, 1e; and (f). For the combinations studied, the microconstituents where not affected by the

addition of the AEA, even at the 5X overdosed level. The microconstituents consisted of
dense deposits which were relatively large (10-30pm across). These regions were identi!9dJo
be ca(oH)2 deposits. The basal cleavage pattem and hexagonal morphology could be

observed in some instances. There appeared to be no preferred orientation relative to the bed

surface. The cement hydration products could be distinguished as clumps of a rod-like

structure, approximately O.S -f p* in diameter. Each clump consisted of some 30-100 rods,

each approximately 0.05pm in diameter and in the order of lpm in length' These clumps can

be observed to be growing perpendicular to the interface for all three mortars in Figure-4(d)'

(e) and (fl. RodJi[e calcirm silicate hydrate (CSH) products have been previously reported

and referred to as 'hairbrush' morphoiogy t10]. Also, note that a fibrous structure can be

observed in the capillary spaces between the clumps. These fibres were much longer, up to

5pm, and are likely to fe ittringite. It was not possible to identifr these fibres due to their

small diameter.

Since the nature of the hydration products was not affected by the addition of AEA it would

indicate that the reduction in boni strength is from 'macro' scale factors' This is consistent

with the reduction in the development of a coherent contact layer between the mortar and unit

observed in the mortar/unit c;ntact. This reduction in adhesion is reflected in the bond

strength and failure mode noted in the bond wrench tests during the initial investigation'
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This study has investigated the effects of increasing AEA concentration on the microstructure
and bonding capacrty of a Portland cement-lime mortar made with a dune type sand. The use
of air entraining agent within the manufacturers recornmendations was observed to produce a
slight reduction in bond strength. However, the rate of bond reduction once the recommended
dose was exceeded was extremely rapid and hence careful supervision of the AEA volume
addition on site is necessary.

The reduction in bond strength from overdosing with AEA is the result of a combination of
factors. Since overdosing allows an acceptable workability to be achieved at much lower
water/total solids ratio the capacity of the paste to form a contact layer of cementitious
material along the brick interface is reduced. Also, the generation of large numbers of air
bubbles within the paste forms hollow 'aggregate-like' particles. These "bubble shells"
effectively consume the cementitious fines from the mortar, further reducing the volume
available to coat the aggregate particles and provide a continuous and coherent bond along the
interface. The addition of AEA to the mortar batch did not aflect the morphology of the
hydration products formed at the interface.
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