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The formation of cured mortar structure in masonry was studied using multiple experimental tech-
niques. Starting with fresh mortar, nuclear magnetic resonance (N\MRr) was used to measure the water
extraction during brick laying. After curing, the composition of cured mortar was investigated with
polarizing and fluorescent microscopy (prm) and X-Ray diffraction (xrp).

Two typical mortars were investigated: a cement-lime mortar and a cement mortar with air entraining
agent. The measurements indicate that the mortar composition (i.e. the contents of sand, cured binder
and voids) and the contents of chemical substances of the cured binder (i.e. the contents of calcite and
portlandite) change with distance to the brick-mortar interface. For the cement mortar with air entrain-
ing agent, the observations are explained by the enrichment of binder towards the brick-mortar inter-
face, resulting from the local compaction and compression of the fresh mortar. In the cement-lime
mortar such an enrichment of binder hardly occurs and the observations are explained by the intense
carbonation that takes place. As a result, the chemical composition of the binders is very much differ-
ent in both mortars. In the cement mortar with air entraining agent, near the brick-mortar interface the
enrichment of cement and the low water content (resulting from the low water retentivity of this
mortar), lower the water-to-cement ratio and as a consequence the cement is not fully hydrated. In the
cement-lime mortar, because the Ca(OH), content and the water content is higher, near the brick-
mortar interface, a carbonated zone is formed which is hardly permeable for CO, (and probably water).

The latter does not occur in the cement mortar, it remains permeable.
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The analysis of the experimental results have lead to the formulation of a conceptual model for the for-

mation of cured mortar structure in masonry. Such a model may be helpful in analysing and predicting

the durability of mortars.

Keywords: masonry, mortar characteristics, mortar composition, moisture transport, curing &

carbonation

258

Introduction

Properties like the brick-mortar bond, the mortar permeability, its strength and stiffness and the
leaching of mortar are important characteristics that determine the durability and service life of
mortar joints and masonry. These properties are influenced by a number of parameters. Firstly, of
fresh mortar the contents of binder (cement and/or lime), sand, other chemically inactive com-
ponents (limestone), and water as well as the grain size distribution of the sand are important.
Secondly, the water extraction from the fresh mortar during brick laying is of great influence.

This water extraction strongly influences the curing of the mortar. The water extraction is deter-
mined by the sorption characteristics of the brick and the so-called water retentivity of the fresh
mortar. Altogether, the numerous parameters involved, complicate a distinct prediction and
classification of mortar durability.

In the past, cement-lime mortars were more applied in masonry than cement mortars. However,
after the introduction of air entraining agents which increase the workability of mortar, the cement
mortars have become more popular because their curing proceeds much faster than the curing of
cement-lime mortars. With respect to the cement-lime mortars it is observed that mortar joints are
almost impermeable to water [1], while for cement mortars with air entraining agent it is observed
that the strength of the brick-mortar bond decreases with increasing amounts of air entraining agent
[2]. Because of these typical characteristics, the composition of both mortar types was studied as a
function of distance to the brick-mortar interface.

The water extraction from the fresh mortar by the brick was measured using Nuclear Magnetic
Resonance (NMR). The composition of the mortars, that is the porosity (air-voids content), contents of
sand and hardened binder and the mineralogical composition of the hardened binder were
analysed using polarizing and fluorescent microscopy (Pem) and X-Ray diffraction (xrp). The results
obtained from these specialised measuring techniques are used to formulate a more general model
for the formation of cured mortar structure in masonry. Such a model is useful in predicting and

explaining the characteristics of mortar joint and brick-mortar bond.

Mortar and masonry characteristics

In the present paper, the investigated cement-lime mortar and cement mortar with an air entraining

agent are indicated as LcM and PeM,,, respectively. An overview of the constituents of the fresh

aea’
mortars is given in Table 1.
For the preparation of small masonry segments to be used in the analyses, four machine moulded

red fired-clay bricks and either mortar LcM or mortar PcMm,,, were used. Since in this study the



characteristics of the interface of brick and mortar were very important, it was necessary to prepare
these interfaces in a reproducible manner. Especially the sanded sides of the brick resulting from
the sanding of moulds, could evoke irregularities of the interface and its characteristics. Therefore it
was chosen to remove a thin top layer of 1-2 mm from the bricks by slicing. As a result, flat brick
surfaces were obtained. The bricks were applied dry in the masonry segments. The corresponding
sorptivity, S, for initially dry brick was 0.42 kgm™s®°. Additional characteristics of this type of brick
are given in [1]. Each masonry segment consisted of 4 bricks with about 12 mm thick mortar layers
in between. After brick laying, the masonry segments were cured for one day under damp cloths.

and thereafter for a period of at least 28 days at 20°C and a relative humidity of 50%.

Water extraction from fresh mortar during brick laying

The water extraction was measured using Nuclear Magnetic Resonance (NMR) [3]. In such a NMR
experiment, the magnetic moments of the hydrogen nuclei are manipulated by suitably chosen
alternating radio frequency fields, resulting in a so-called spin-echo signal. The amplitude of this
spin-echo signal is proportional to the amount of hydrogen nuclei excited by the radio frequency
field. The resonance condition for the nuclei is given by f= y/2 B. Here, f is the frequency of the
alternating field, y is the gyromagnetic ratio of the nuclei (y/2 = 42.58 MHz/ T for 'H), and B, is the
magnitude of the externally applied static magnetic field. Because of the resonance condition, the
method can be made sensitive to only hydrogen and therefore to water. When a known magnetic
field gradient is applied, the resonance condition will depend on the spatial position of the nuclei.

By varying the frequency f, the moisture distribution can be measured without moving the sample.
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Fig. 1. Moisture profiles measured during water extraction from (a) mortar Lcm and (b) mortar pewm,,,,

The bold curves show the initial moisture profile in the brick and the mortar. In both figures, the
first 10 profiles measured every 90 seconds, together with the last measured profile (the dashed

curve) are given. The shaded areas represent the mortar layers.
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In the experimental set-up (see inset in Figure 1), a cylindrical brick sample of 20 mm diameter and

50 mm length was placed upon a 6 mm thick layer (half of the thickness of the used mortar joint) of

fresh mortar at the bottom of a cylindrical teflon holder (internal diameter of 20 mm). Each 90 s a

moisture content profile (that is, moisture content as a function of position) was measured in the

brick and the mortar, starting immediately after the brick was placed on top of the fresh mortar. An

extensive description of the water extraction is given in [4].

Table 1. The constituents and amounts used for the preparation of mortar LcM, mortar pcm,,, and
mortar pcM. Mortar LcM contains lime (Ca(OH),) whereas mortar powm,,, contains air
entraining agent (aea).

sand cement lime aea water
LCM Rel. Mass 5.6 1 0.27 - 1.2
Rel. Volume 4.5 1 0.70 - 1.5
PCM,, Rel. Mass 5.6 1 - 3-10° 1.2
Rel. Volume 4.5 1 - 14
PCM Rel. Mass 5.6 1 - - 1.2
Rel. Volume 4.5 1 - - 1.6

Table 2. Survey of the moisture contents (m’m™) and the water-to-cement ratios (mass%) “in the
middle” of the fresh mortars, before and after the water extraction. The initial water-to-
cement ratio is copied from Table 1. The remaining water-to-cement ratio (printed in
italics) is estimated from its initial value using the ratio that is indicated by the initial and
remaining moisture contents.

Moisture content Water-to-cement ratio
initial remaining extracted initial remaining

LCM 0.27 0.11 0.15 1.5 0.5

PCM, 0, 0.26 0.02 0.24 14 0.1

PCM 0.25 0.04 0.21 1.6 0.2

NMR Results

In Figure 1 for mortar Lcm and pa,

the measured moisture profiles during water extraction are

presented. As can be seen, most of the water is extracted out of the mortar within the first 90 sec-

onds. The same phenomenon was observed for other mortars. (Note that the water extraction rate is

determined primarily by the sorption characteristics of the brick [1, 4].) However the water that

remains in the mortar after reaching equilibrium, strongly depends on the mortar type. For mortars

LCM, PCM,,, and PcM (a cement mortar without an air entraining agent) these amounts, representing

the moisture content in “the middle” of the mortar joint, are summarized in Table 2. As can be seen



4.1

from Table 2 and Figure 1, in the case of mortar LcM the remaining moisture content is about 5 times
higher than in the case of mortar pcM,,, and 2.5 times higher than in the case of mortar pcm. Thus
mortar LCM retains more water for its curing while mortar pcu,,, retains just a very small amount of
water. The remaining moisture contents roughly correspond with water-to-cement ratios of about

0.5, 0.1 and 0.2 (by mass) for mortar LcM, mortar PcM,,, and mortar PcM.

Composition of cured mortar as a function of position

Polarizing and fluorescent microscopy (PFm)

Polarizing microscopy enables the determination of the various components including the air-void
content of mortar. In this technique a beam of light entering an anisotropic crystal (which is
optically birefringent), splits into two beams of polarized light with different indices of refraction.
As a consequence, when viewed in a microscope between crossed polars [5], such crystals cause
some light to pass through. When the thickness of the sample is below 30 ym, the characteristic
interference colours and other optical properties of the various minerals in the mortar can be used
to identify each of the constituents present. Moreover, in plane polarized light, voids that are
impregnated with a fluorescent resin will show their characteristic fluorescent colour. By means of a
simple point counting process, the void content, the binder content and the sand content can be
determined [6]. For a thin section of concrete, with a section area of 100 mm x 50 mm or larger, the
inaccuracy of such a point counting process is less than 2% [7]. For mortar samples, which generally
contain smaller sand particles, the inaccuracy is expected to be better than for concrete.

The optical microscopy was performed with a Zeiss Axioplan microscope using a 12V /100W
halogen source.

Sample Preparation

For the microscopical analysis, small blocks were sawn from the masonry. These small blocks were
impregnated with an epoxy resin containing a fluorescent dye. One surface of such an impregnated
block was polished and glued to an object glass. A thin slice for microscopy was then prepared as
follows. First the object glass together with a thin material layer was detached from the block by
sawing. After that, the thin layer that remained on the object glass was ground and polished until a
slice of 20-30 um thickness was left on the object glass. The area of this slice was approximately

50 mm x 30 mm.

Microscopy Results

The contents of sand, cured binder and voids of mortars Lcm and peMm,,, are plotted in Figure 2 as a
function of distance to the brick-mortar interface. In the middle of the mortar joint, for both mortars
the sand content is the same, whereas in mortar rcum,,, the hardened binder content is about 20%
lower (and the void content is about 25% higher) than in mortar Lcm. Towards the brick-mortar
interface the sand content increases and then clearly decreases near the interface. In mortar pcm,,
the decrease of the sand content near the brick-mortar interface is much larger than in mortar Lom.
In both mortars the hardened binder content increases towards the brick-mortar interface. In mortar

PCM,,, this increase is larger and is observed in a wider zone than in mortar Lcm. The trend of the
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void content is opposite to the trend of the sand content; near the brick-mortar interface, the void
content first decreases and then increases at this interface. For both mortars the decrease as well as
the increase of the void content is more or less the same. For mortar pcm,,, the void content is about

15% higher than for mortar Lcm.
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Fig.2.  The (a) sand, (b) cured binder and (c) void content of mortar Lcm (D) and mortar pCM,,, (@) as a
function of distance to the brick-mortar interface.
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For mortar Lcm and mortar pcM,,, the composition is presented in Figure 3. It is observed that in

mortar LcM carbonation occurs up to 1.0 mm from the brick-mortar interface’!, whereas in mortar

PCM,, carbonation occurs more or less homogeneously throughout the whole mortar joint. In mortar

LeM, carbonation is found throughout the cement paste islands (in the 1 mm zone), whereas in

mortar PCM,,, carbonation is found only at the surface of cement paste islands that are in contact

with voids.

In mortar Lcwm, clusters of lime (mainly Ca(OH),) were only identified in the cement paste islands

that are outside the carbonated zone; in mortar rcm,,, no Ca(OH), was found.

Fig. 3.

1

Micrographs of the brick-mortar interface of (a, b) mortar Lcm and (c, d) mortar pem,
micrographs are obtained with plane-polarised light and illustrate an area of 2.7 mm x 1.8 mm.
To visualise calcite (i.e. carbonation), micrographs (b) and (d) are viewed through crossed polars.
In these figures the brick-mortar interface is indicated by the dashed line. In the left-hand-side

micrographs the sand particles are white, the void space is yellow and the cement paste is grey/

brick mortar joint brick mortar joint
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brick mortar joint brick  mortar joint
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In the left-hand-side micrograph of Figure 3 the composition of the mortars is visualised through plane polarised light. In the

right-hand-side micrograph the same composition is viewed through crossed-polars so that calcium carbonate, the product of
carbonation of lime (calcium hydroxide), lights up yellow.
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X-Ray diffraction analysis (XRD)

X-Ray diffraction allows qualitative and semi-quantitative chemical analysis of polycrystalline
materials to be made in terms of contents of crystalline phases [8], rather than in terms of content of
chemical elements.

Qualitative analysis is accomplished by identification of the characteristic diffraction line pattern of
each phase, which forms a sort of fingerprint. A large number of known diffraction patterns is
collected in the Powder Diffraction File (pDF) from the International Centre for Diffraction Data. This
pDF file was used to identify the phases present in the cured mortars. Semi-quantitative analysis is
based on the fact that the integrated intensity, of each diffraction line of a particular phase in a
mixture of phases, correlates with the content of that phase in the mixture. The integrated intensity
is in general not directly proportional to the content, because the intensity depends (i) on the
(effective) X-Ray absorption coefficient of the mixture, which in itself varies with chemical composi-
tion and (ii) on the way in which the crystallites are oriented in the sample. Although in the present
investigation the content of the phases in the mortars varies, the absorption coefficient was constant
due to the fact that the bulk chemical composition is the same throughout the mortar. To check the
orientation distribution of the crystallites in the mortar, the ratios of the intensities of the measured
diffraction lines of each phase were monitored. It was found that this orientation distribution did
not change in the mortar so that fractional changes in the integrated intensity of each diffraction line
were equal to fractional changes in the content of the phase concerned.

The measurements were performed on a Siemens D500 diffractometer equipped with a diffracted-
beam graphite monochromator (CuKerradiation). More information on the measured diffraction

angles and the analysed reflections is given in [9].

Sample Preparation

For X-Ray diffraction analysis, masonry cylinders of 45 mm diameter with 2-3 mm thick brick
layers at the ends and 12 mm mortar layer in the middle were drilled from the masonry segments.
These cylinders were impregnated with an epoxy resin. After that, at one end of the cylinders, the
brick layer was gently removed by grinding. Once the mortar surface was reached (that is, the brick-
mortar interface), a flat sample surface was obtained by polishing. The flatness of the surface and its
parallelism with the brick-mortar interface was controlled to within 20 ym by thickness measure-
ments at 8 equidistant positions along the circumference of the polished surface. Within two days
after polishing the samples were analysed. (It was established that the integrated intensities of the
analysed reflections did not change during this period.) For analysing the mortar at positions away
from the brick-mortar interface, the grinding and polishing procedure was repeated.

X-Ray Diffraction Results

The contents of calcite and portlandite found for the mortars Lcm and pawm,,, are plotted in Figure 4
as a function of distance to the brick-mortar interface: clearly the contents of the studied substances
strongly vary in a 2-3 mm thick mortar layer near to the brick-mortar interface.

For calcite (calcium carbonate: CaCO,) the curves are very much different for the two mortars. For
mortar LcM, the content of calcite at the brick-mortar interface is about three times higher than for

mortar rcM, . Besides, for mortar Lcm the content of calcite decreases strongly with the distance to



the brick-mortar interface, whereas for mortar pcM,, first the content of calcite increases slightly and

then, from about 0.5 mm, it remains unaltered.

600 -
| calcite
& 500 4
S
x -\\
2 LCM mortar
& 400\
z 1\
[Z]
& 300 }{
E | \\ PCM,, mortar (a)
he] ¢ - ° v
® 200 ®
5 //‘\B\ i
2 ] T~ o
g w004  TTe——
1 T—————— a-
0 T T T T T T T g T T T
0 1 2 3 4 5 6
distance to brick-mortar interface (mm)
20
portlandite
6\ 4
o
X 45 LCM mortar o
o 1 HMmoa
5 = o
—
L ] P
z -
[}
g 107 % o
3 4
2
g8 4 /
g /
£ /0
\. PCM,,, mortar
0 T T ¥ T g T y Lt 3 T y T
0 1 2 3 4 5 6

Fig. 4.
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The contents of (a) calcite and (b) portlandite determined for mortar Lcm (0) and mortar pcm,,, (@)

as a function of distance to the brick-mortar interface. As a guide to the eye, the lines indicate the

measured trend for each phase.

For portlandite (calcium hydroxide or lime: Ca(OH),), the trends are reverse to the trends of calcite.

The content of portlandite at the brick-mortar interface is zero for mortar Lcm and for mortar PeM,,,

relatively small (roughly five times smaller than that in the middle of mortar joint Lcm). Further-

more, for mortar Lcm the content of portlandite increases with the distance to the brick-mortar inter-

face, whereas for mortar pcm,, the content of portlandite decreases sharply to zero. As with calcite,

the effects for portlandite are much stronger in mortar LcM than in mortar rewm,,,. Especially for the

interpretation of the results for mortar Lcw, it is essential that CO, diffusion is prevented by impreg-

nation of the mortar sample with a resin. If not, the measured trend for calcite showing an increase

towards the brick-mortar interface, could be a result of CO, diffusion after the sample preparation.
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Therefore this was checked independently by repeating, after a considerable time, the X-Ray dif-
fraction analysis for the middle of the mortar (that is, at about 6 mm from the brick-mortar interface)
since here the conditions for carbonation are favourable (that is, a high portlandite content and a
low calcite content occur). This additional analysis showed that in a time period of about 3 months
no further carbonation had occurred. Obviously the measured trend of the calcite content repre-
sents a state of carbonation present at the moment the samples were impregnated.

In mortar LcM also some vaterite (another allotropic modification of calcium carbonate) was found.
Although no quantitative analysis of vaterite was possible because of overlapping ettringite reflec-
tions, the changes in the intensities of the vaterite peaks strongly suggest that the decrease of the
content of vaterite with distance to the brick-mortar interface is very similar to the decrease of the
content of calcite (see Figure 4). In mortar pcMm,,, some alite was found near to the brick-mortar inter-

face only.

Discussion

The composition profiles as obtained by the microscopical (point counting) analysis, represent the
amounts of sand, cured binder and voids. The trends of these profiles can be explained by differ-
ences in the water content (and water extraction) of the fresh mortar resulting in different degrees of
compaction and compression’; see Figure 5. The composition profiles as obtained by the X-Ray

diffraction analysis represent the chemical composition of the cured binder in terms of the

diffracted intensity of the individual phases. For the explanation of the trends of the composition

load of
bricks above

profiles, first the effect of water will be elucidated.

brick

water extraction

compaction compression

Fig. 5. Schematic presentation of compaction (overall increase of sand content) and compression (local

increase of sand content near the brick-mortar interface) of mortar joints.

?  Compaction in this particular case refers to the rearrangement of sand particles caused by the water extraction. This results

in a denser mortar structure. Compaction is influenced by the water content and occurs on a homogeneous scale. Compres-
sion occurs during the plastic phase of fresh mortar and is caused by the weight of brick(s) above. It shows a decrease of
volume on top of the mortar joint and an increase of volume at the sides (see Figure 5). The relatively large sand particles
are not mobile and will not redistribute to the sides of the mortar joint. Compression therefore results in a local compaction
of sand particles (an increase of the sand content and a decrease of the void content) near the brick-mortar interface.



Before brick laying, the fresh mortar contains sand, binder, air and water. The amount and behav-

iour of the water plays a dominant role from the moment of brick laying, until the final composition
after curing. The behaviour of the water can be divided into three parts: i) filling the space between
the sand particles, giving the fresh mortar its plasticity (workability); ii) it is extracted by the bricks,
causing compaction of the fresh mortar structure (predominantly packing of the sand particles); iii)
reacting with the binder, forming the cured binder material. In the cured mortar, after evaporation
(drying) of the residual water, the volume of this water stays behind as (small) voids together with

the original air voids.

The overall amounts of water are given in Table 2, showing that the amount of retained water is ca.
0.10 m*m™ for mortar LcMm and ca. 0.02 m®*m™= for mortar pcM,,,. NMR measurements show an almost
flat moisture content profile over the whole mortar joint, except for a zone of ca. 0.5 mm from the
bricks where no information is present due to the limited spatial resolution of 1 mm of the NMR
equipment [3]. (Theoretically near the brick-mortar interface the moisture content must be lower
than in the middle of the mortar joint.) If the amount of water is the same everywere, the above
mentioned three processes will take place uniformly over the whole mortar joint. For “the middle
part” of the joint up to a distance of ca. 2 mm from the bricks, this uniformity is indeed observed for
each of the profiles in Figure 2. For that middle part, for both mortars the sand content is the same
and the differences in cured binder and void contents are related to the amounts of the mortar con-
stituents of the fresh mortar (see Table 1: the sand content is the same for both mortars; for mortar
). Taken the sand

content as a measure for the degree of compaction, it follows from Figure 2a that for the middle part

LcM the binder content is higher and the air content is lower than for mortar rcM,,,
of the joint the relatively large differences in amount of retained water of both mortars did not result

in different degrees of compaction in the cured mortars.

The increase of the sand content starting from ca. 2 mm near the bricks can be explained by the fact
that due to the load of the bricks the compression will increase towards the brick surface. This effect
is clearly indicated by the decrease of the void content in this region (Figure 2c). The compression is

larger for mortar LM than for mortar pcM,,; it seems that in this region the high amount of retained

aea’

water for mortar LcM favours the compression.

The subsequently steep decrease in the sand content starting from ca. 0.5 mm towards the bricks, is
explained by the combination of a (theoretical) decrease of the water content, and the so-called
“wall-effect” [10]. A theoretical decrease of the water content near the brick-mortar interface (not
actually measured with NMR) results in a poorer local compaction of the sand particles (i.e. a
decrease of the sand content). By that it can be explained that in mortar Lcm, presumed to have a
higher water content near the brick-mortar interface than mortar rcm,,,, the local compaction is
better (i.e. the local sand content is higher) than in mortar rcMm,,,; analogous to compaction of con-
crete [11]. The wall-effect is a pure geometrical phenomenon resulting in more space between the
sand particles (a lower concentration). The zone in which this effect will strongly counteract the
increase due to the compression will be about half the size of the largest sand particles (i.e. ca.

0.5 mm).
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The above reasoning is set up, bearing in mind the sand as it has the highest volumetric portion in
the mortar. The sand particles are also the largest particles present in the mortar and as a conse-
quence packing of the mortar structure starts with the packing of sand particles. Binder particles are
much smaller and, with some water, remain plastic (and mobile) during the first stages of packing
and curing of the mortar. Therefore the observed cured binder content (Figure 2b) is considered to
result primarily from filling up the open space between the sand particles. As a secondary effect this
cured binder content may also be increased by transport of binder with the water flow from fresh
mortar to brick. In mortar Lcm, having a denser structure and retaining more water than mortar
PCM

binder transport may be neglected. In mortar pcMm,,,, binder transport may have had a con-

aea’ aea’

tribution to the enrichment of binder near the brickmortar interface.

The explanation of the composition profiles is complicated; not only the enrichment of binder near
the brick-mortar interface plays a role but also the different compositions of the fresh mortar

(see Table 1) and the related curing and carbonation reactions.

The calcite and portlandite content profiles are closely related because the calcite originates from
the portlandite through carbonation. The degree of carbonation in the binder strongly depends
among others, on the presence of CO, and on the contents of water and Ca(OH),. The higher the
contents the more calcite is formed. However, as a result of different curing and carbonation, the
occurrence of portlandite and calcite originating from it is quite different in mortars LcM and o, ..
In mortar Ly, the Ca(OH), (portlandite) is available by the addition of lime (mainly Ca(OH),) and
after the cement hydration, whereas in mortar pcM,,, the Ca(OH), is only available after the cement
(see Table 2), the
highest degree of carbonation is expected in mortar Lcm. This is indeed observed, see Figure 4.

hydration. As in mortar Lcm also the water content is higher than in mortar rem,,,
Remarkably, this figure also indicates that in the case of mortar LcM not the whole mortar joint is
carbonated but only a zone near the brick-mortar interface. Apparently CO, is supplied by diffusion
by the brick, thereby creating the so-called carbonated zone. In this zone carbonation has occurred
throughout the cement paste islands (see the microscopical analysis). It is well known that as a
result of intense carbonation, the microstructure of ordinary portland cement gets denser [10].
Apparently through the carbonated zone in mortar Lcm, CO, penetration is hindered and as a result,
outside the carbonated zone little carbonation is observed: a relatively high portlandite content and
a low calcite content occur (see Figure 4).

In mortar pcM,,, the carbonation conditions are much different. The water content is about 5 times
lower than in mortar LcM (see Table 2 and Figure 1) and Ca(OH), only becomes available from the
cement hydration. In this mortar, CO, is also supplied by diffusion by the brick. However, due to
the lower water content of this mortar, there is less CO, dissolved in the cement paste islands than
in the case of mortar Lcm. Thus less carbonation can occur in the cement paste islands. Moreover, in
ordinary cement paste Ca(OH), precipitates out of the pore solution forming crystals, preferably on
the sand particles [12]. Consequently at the boundary of the cement paste islands the concentration
of Ca(OH), will have increased and carbonation will occur primarily on sand particles and at the
boundary of cement paste islands. Such a typical carbonation is confirmed by the microscopical
observations; in mortar rcM,,, carbonation occurs at the boundaries of the cement paste islands and

not much inside them. Carbonation is observed by the same extent everywhere in mortar rcwm,,, (see

aea



Figure 4), which indicates that CO, penetration is not noticeably hindered by the carbonation, as in
mortar LcM. Furthermore the portlandite content is approximately zero throughout mortar rom,,,
(see Figure 4). To explain this, the above supposition that Ca(OH), precipitates out of the pore
solution of the cement paste islands [12] is essential. After full hydration of the cement (no alite was
found in the middle of mortar rcm,,,), dissolved Ca(OH), diffuses towards the boundary of the
cement paste islands where it can be carbonated. As a consequence the portlandite content is zero
inside as well as at the boundary of the cement paste islands.

Apparently, at the brickmortar interface in mortar rcm,,, the carbonation conditions differ from the
middle of the mortar since there the calcite and portlandite contents deviate (see Figure 4). At the
interface alite (C,S) is observed, indicating that not all the cement is hydrated. Obviously towards
this interface the cement content was increased so much and the water content was so low (see the
explanation above for the poor local compaction at the brick-mortar interface in mortar rcm,,,) that
the available water has not been sufficient for full cement hydration. By this shortage of water, the
Ca(OH), in the cement paste islands can not fully dissolve and diffuse towards the boundary of the
cement paste islands. Consequently not all Ca(OH), can carbonate and at the brick-mortar interface

the calcite content slightly decreases and the portlandite content increases (see Figure 4).

Conclusions

For cement-lime mortars, as a result of the high binder content and the high degree of carbonation,
near the brick-mortar interface a carbonated zone is formed which delays seriously the penetration
of CO, and most probably hinders the permeation of water. This provides an explanation for the
experimental observations showing that in masonry with cement-lime mortar, capillary rise stops at
the mortar joints.

In cement mortars with air entraining agent the water retentivity is low and as a result of enrich-
ment of cement near the brick-mortar interface, at this interface the cement may not be fully
hydrated as is observed in the present research. This may cause poor bonding of this mortar with
the brick. Reasoning towards practical implications, such an effect condemns combinations of

mortars with low water retentivity and bricks with high sorptivities.

In the conceptual model on the formation of mortar structure that is described in the discussion, the
water content in a zone of 1 mm near the brick-mortar interface is very important. However, due to
the spatial resolution of 1 mm of the NMR apparatus, the water content in this 1 mm zone could not
be measured. At this moment, with respect to the one-dimensional spatial resolution, the NMr-tech-
nique is being developed further. As a continuation of the work presented in this paper, it is inter-
esting to repeat the water extraction experiments with NMr thereby focussing on the interface zone
between brick and mortar; in that case not only the moisture profile is measured in more detail but
also the position of the interface and its displacement by compaction of the fresh mortar may be
determined.

In cement mortars with air entraining agents, in the interface zone between brick and mortar,

besides the water content also the carbonation of Ca(OH), and its appearance seem different from
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the middle of the mortar joint. This may be an important subject for further investigations for

example with an electron microscope.
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