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In this paper a method is described to quantify shrinkage microcracking in young mortar by means of
crack mapping. Visualisation of the microcracks is realised with two techniques: Fluorescence Light
Microscopy (FLm) and Environmental Scanning Electron Microscopy (sem). The preliminary results
obtained with the microcrack mapping method showed an increase in extent of shrinkage microcrack-
ing as a function of the hardening time of the young mortar, probably due to autogenous shrinkage.

In the Esem it was observed that microcracks in the young mortar open upon drying from relative
humidities of about 25% to 1%. It is concluded in this paper that quantitative microcrack mapping at
constant magnification should be done as a function of relative humidity of the sample and its environ-

ments.
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1 Introduction

During the hardening of young concrete the cement paste shrinks due to hydration and drying
processes. The types of shrinkage that can be distinguished at the early ages of concrete are plastic,
drying, autogenous, thermal and carbonation shrinkage [1]. These types of shrinkage can lead to
initial (micro)cracking when the stresses due to shrinkage exceed the tensile strength of the
material. To get more insight in the actual distribution of shrinkage microcracks in concrete or
mortar specimens crack mapping can be carried out. Such a structural analysis of the microcracks
might elucidate their possible relation to areas with high initial eigenstresses or weak spots in the
hardening material. When it has been determined how microcracks are distributed within a mortar
specimen as a function of composition and curing conditions, and when the underlying mecha-
nisms have been determined, it might be possible to use these data to develop numerical models
that simulate crack growth in concrete from an early stage including the hardening stage.

A number of techniques are available to assess the presence of microcracking in concrete and
mortar. The most widely used techniques are (optical) light and electron microscopy. When these
techniques are applied to study internal microcracking, the sample preparation is destructive.

This may be a drawback, because sample preparation involves cutting and/or drying of the con-
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crete, and these preparation actions may introduce unwanted additional microcracks. For example,
the study of microcracking in thin- or polished sections with fluorescence light microscopy involves
the vacuum-impregnation of microcracks with a fluorescent epoxy. The drying before the impreg-
nation and the impregnation itself may introduce additional microcracks on the sample surface,
which would not have been present internally [2,3]. Sample preparation for a conventional scanning
electron microscope also involves drying of the concrete, and besides the sample is placed in the
high vacuum of the sem-chamber. Probably the only possibility to study shrinkage microcracking in
concrete quantitatively with sem is by means of the replica-technique [4,5].

A new technique, which can be used to study microcracking in wet or partly saturated concrete and
mortar, is environmental scanning electron microscopy (ESEM). ESEM is in most respects similar to
conventional sim, but in ESEM it is also possible to study the concrete in a moist environment. Wet
concrete samples can be placed in the Esem-chamber, and subsequently studied at controlled relative
humidities ranging from 0 to 100%. Sujata and Jennings [6] have described the technique in detail.
Kjellsen and Jennings [7] have studied microcracks in esem, and showed that microcracks open upon
drying and close by rewetting in ESem.

In an on-going study at Delft University of Technology fluorescence light microscopy and Esem are
used to characterise shrinkage microcracking in young mortar. By using this combination of tech-
niques it might become clear whether any damage is introduced during sample preparation. This is
important because young mortar may be much more susceptible to sample preparation damage
(drying and cutting) than mature mortar.

A method is developed to quantify internal shrinkage microcracking by means of microcrack
mapping. The method relies on the two aforementioned microscopic techniques, and it starts with
40 x 40 x 160 mm® prisms of young mortar. In this paper a description of the method is given and

some preliminary results will be presented.

Experimental

Materials and specimen conditioning

The material that is used in this study is a mortar with a water/cement ratio of 0.5 and a sand /
cement ratio of 0.5. The used Portland cement is a Dutch (encr) industrial cement (cem I 52.5R) with
the following mineralogical composition: C;S = 63%, C,S = 13%, C,A = 8% and C,AF = 9% (Bogue
calculation) and Blaine fineness of 530 m?/kg. The grain size distribution of the sand (mainly
quartz) was: 2-4 mm = 29.3%, 1-2 mm = 20.7%, 0.5-1 mm = 14.6%, and 0.25-0.5 mm = 35.4%. It was
added air-dried.

The cement and sand were mixed thoroughly before the demineralised water was added. The com-
plete mixture was then stirred for 3 minutes using a large blade in a 10l bowl of a Hobart mixer.
The paste was casted in moulds of 40 x 40 x 160 mm® and vibrated 10 seconds on a table vibrator.
The moulds were sealed with plastic and stored at room temperature for 24 hours. Then the prisms
were demoulded and placed in demineralised, portlandite-saturated, and CO,-poor water. At an
age of 48 hours the first part of the prisms were used for microscope sample preparation. Sample
preparation of the other set of prisms started at an age of 8 days.
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Microscope samples preparation

From each prism 1 fluorescent thin-section and 1 esem-sample is made. A total of three thin-section
and three EseM-samples are made at each hardening stage (2 and 8 days). In Figure 1 the preparation
procedure of the microscope samples is shown schematically. The thin-section (1s-) sample and
EsEM-sample are cut in such a way from the prism that both sample surfaces to be examined are
situated as closely as possible in the center of the prism parallel to the casting surface (see Figure 1).
The whole procedure is developed in such a way, that the chance of introducing microcracks by

preparation is minimized.

16 cm.

casting surface ™4 cm

1. cutting and surface protection;

2. cutting;

: i ; ; 3. impregnation;

,,,,,,,,,,,,,,,, 4. grinding, impregnation, grinding, etc.;
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Fig. 1. Procedure for the preparation of fluorescent thin-sections and ESEM-samples (see text for detailed
description).

Two thin-sections are made with a number of cuts perpendicular to the final microscope sample

surface, with the purpose to check if cutting possibly introduces additional damage.

The sample preparation procedure is as follows (see Figure 1):

1. The 40 x 40 x 160 mm® prism is cut along the dotted lines with a diamond saw. After cutting the
sample, it is dried for 30 min at 40°C. Then, the surfaces of the sample are protected with plastic
padding (see Figure 1). Due to this protection layer the edges of the sample are not damaged
during further cutting and grinding.

2. The sample is cut to separate the Ts-sample from the Esem-sample as soon as the plastic padding
has hardened. Cutting is done very carefully with a fine (1 mm thick) diamond saw. The Esem-
sample is stored at a relative humidity (r.h.) of 100% until EseM-sample preparation is continued.

3. The ts-sample is vacuum-impregnated with a fluorescent epoxy after drying for 30 min at 40°C.
The purpose of this impregnation stage is to impregnate weak porous zones around the sand
grains and air-voids. The Ts-sample surface gains some extra strength and the chance of intro-
ducing damage during the first grinding stage reduces in comparison to a sample which was
not impregnated. The impregnated sample is stored for 6 hours at 40°C in an oven to let the

epoxy harden.
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4. To produce the thin-sections a diamond roller grinder/86 designed by Dansk Beton Teknik is
used. The equipment is particularly suited for the production of thin-section specimens in con-
nection with microscopic structural analysis of concrete [8]. After the first impregnation the
edges of the sample are cut to make the sample fit on the microscope slide. Then, the sample is
ground to produce a flat surface. This grinding is followed by a second impregnation stage with
fluorescent epoxy after drying the sample 30 min at 40°C. In this stage microcracks, pores, and
voids are impregnated. After the epoxy has hardened the excess of epoxy is removed by grind-
ing. Then, the sample is glued on the microscope glass. Part of the Ts-sample is cut away and the
thin-section is ground to a thickness of 30 um. Finally, the thin-section is finished by covering it

with a cover glass.

5. The edges of the EseM-sample are cut away to keep the sample surface small for polishing pur-
poses. The esem-sample is ground by hand with moderate pressure on a moderate-speed lap wheel
with sand papers of p230, p500, and p1200, respectively. This is followed by polishing by hand on
a Struers low-speed lap wheel covered with a pp polishing cloth. We used series of 6, 3, 1, and
0.25 um diamond pastes (1 min per diamond paste) and demineralised water as a polishing agent.
No alcohols were used during any stage of the thin-section or the Esem-sample preparation.

The Esem-samples are stored at a relative humidity of 100% until they are viewed in the Esem.

It should be noted that during thin-section production the drying time of the mortar is always

30 min at 40°C. The measured relative humidity in the oven was in between 20 and 40%. So, during
the sample preparation hydration probably can proceed within the sample. The microcrack pattern
in the thin-section is ‘frozen in’ during the second impregnation stage at an age of 58 hours and
202 hours for the two hardening stages, respectively. The esem-samples surface are never dried
(only in the esem) and hydration can proceed in the samples. The three esem-samples are viewed in
the Esem at ages of 73, 75, and 77 hours (2 hours per sample) at the first hardening stage and at ages
217,219, and 221 hours at the second hardening stage. The total sample area of both the 1s- and the

EsEM-sample is 40 X 35 mm?.

Microscopes

The microscope samples are studied with a light and electron microscope present at the M2L
Laboratory at the Faculty of Civil Engineering and Geo-Sciences at Delft University of Technology.
The fluorescent thin-sections are examined with a Leica transmitted light microscope with a fluores-
cent light mode. Reference images of both microscope sample types are made using a ccp-camera
connected onto a Leica reflected light stereomicroscope (5-40x), also with a fluorescent light mode.
The polished esem-samples are examined in a Phillips XL30 esem-W using two types of detectors.
Firstly, a so-called Gaseous Secondary Electron (GsE) detector is used, which is the ‘wet-mode’
se-detector of esem. This detector can be used at water vapour pressures in the esem-chamber
between 0 and 10 torr. Secondly, a low-vacuum Backscatter Electron (BsE) detector is used.

This detector can be used at chamber pressures between 0 and 2 torr.
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Crack quantification method

Appearance of microcracks in fluorescent thin-sections

In fluorescent thin-sections microcracks are filled with the fluorescent epoxy. The contrast of the
impregnated microcracks with the adjacent material strongly depends on the porosity of the cement
paste. In Hre for example, the porosity is relatively low, and this causes a high contrast of the micro-
cracks, because there is only a minor amount of epoxy in the paste [3]. In the mortar used in this
study, the porosity is relatively high and the impregnated paste fraction is also very illuminating.
Consequently, the contrast of the microcracks can be very low locally. It is possible that micro-
cracks, especially small ones (< 1 ym width), are not detected due to this lack of contrast.

In general, two types of microcracks are observed in the examined fluorescent thin-sections. Firstly,
microcracks in the interfacial zone between the paste and the sand grains are called bond cracks.
Secondly, there are microcracks in the cement paste extending perpendicular from sand grains,
running dead in the paste, or bridging two sand grains. These microcracks are called paste cracks
and have widths of 1-5 ym'. Figure 2a shows a micrograph of an impregnated microcrack passing a
sand grain. It can be inferred from the image that debonding of the cement paste with the sand

grain could have taken place in this case, without being visible as a bond crack.

a.

Fig.2.  (a.) Paste microcrack(s) in a fluorescent thin-section of young mortar. No bond cracks are visible.
(b.) Paste microcracks as seen in ESEM using the Bse-detector at 0.2 torr. Paste cracks are about

perpendicular to sand grain boundaries. sg = sand grain; cp = cement paste.

Appearance of microcracks in ESEM
In the Esem-sample the microcracks are not impregnated and normally show much more contrast
with the surrounding material. When either the Gse- or the ssg-detector is used the cracks appear

! The crack width in this paper is defined as the average width of the visible part of the crack. In each mapping
exercise a number of cracks widths were measured.
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black, while the surrounding material is, in general, much lighter (see Figure 2b). In the esem also
bond cracks and paste cracks (mostly perpendicular to sand grain boundaries) can be distinguished
in the mortar. As in the thin-section, bond cracks are not always seen when it can be inferred from
the structural context that debonding could have taken place. Besides, bond cracks are sometimes
not visible due to effects from polishing. This is due to the fact that polishing causes depressions of
the cement paste next to the much harder sand grains. When the sand grains have imbricated edges
overlying the paste, the bond cracks are not visible at all.

In contrast with the thin-sections, paste cracks on different scales can be observed in the mortar in
the Esem due to the better resolution of the technique and the higher contrast of the microcracks. In
the Gse-mode (at 5 torr, corresponding with r.h. of about 25% at room temperature) microcracks can
be observed with crack widths in between 1 and 5 ym. Smaller microcracks are present too with

widths of less then 0.5 ym (Figure 3). Also, it is often observed that the wider microcracks branch

into finer microcracks (Figure 3).

a. b.

Fig. 3. (a.) Branched microcrack as seen in ESEM using the Gse-detector at 5 torr. (b.) Microcrack at same
spot as in Figure 3a after drying at 0.2 torr. The upper part of the crack has opened.

From the preliminary observations it became clear that no definite classification of paste cracks
could be made on basis of crack width in the examined mortar samples.

It must be noted that the width of microcracks depends on the shrinkage behaviour of the cement
paste in the Esem. And this, in turn, depends on the relative humidity in the esem-chamber. This has
been shown by Kjellsen and Jennings [7] for 8 months old high performance cement at relative
humidities between 40% and 90%. Drying of the paste at r.h. of 40% resulted in opening of micro-
cracks. The microcracks closed again during rewetting to r.h. of 90%. The esem-samples in this study
were dried at r.h. of about 25% for two hours, during examination. When the pressure in the
chamber was lowered to 0.2 torr in the Bse-mode (corresponding with a relative humidity of about
1% at room temperature), some of the microcracks opened within some minutes due to this drying
(see Figure 3). Many microcracks can be observed with widths in between 3 and 8 ym with the Bse-
detector at 0.2 torr (see Figure 2b). When the water vapour pressure in the chamber was increased
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again to 5 torr, the cracks did not close, at least not within 1 hour. It is possible that cracks will not
close at all, because local rotations near the crack face will prevent that the two crack faces will fit

together.

Microcrack mapping

On basis of preliminary observations no definite microcrack classification, other than bond and
paste cracks, could be made. One can decide to map all microcracks that can be seen with both
techniques, but in this case the mapping has to be performed at high magnifications, and then the
amount of work increases enormously. In this study it was decided to work at a constant magnifica-
tion of 100x for the fluorescent thin-sections. In the Gse-mode microcracks are mapped at a monitor
magnification of 450x and in the Bse- mode at 200x. All paste cracks that are seen at these magnifica-
tions are mapped. For thin-sections this means that cracks with a lower width limit of 1 ym are
mapped. Using Esem at the aforementioned magnifications, cracks having widths of more then 1 ym
and 2 um for the Gse- and Bse-modes, respectively, are detected. So, applying this method means that
only cracks with a certain crack width range are mapped.

Besides the magnification it is also important to keep all other microscope settings constant, because
they may also influence the image quality, and thus the resolution at a certain magnification.

The settings of the Esem were: an acceleration voltage of 25 kV, a spot size 4, a working distance of
10 mm, and chamber pressures of 5 and 0.2 torr.

It was decided not to map the bond cracks because of the following reasons. As described in the pre-
vious paragraphs debonding could have taken place without being visible as a crack. Also, bond
cracks are not always visible in esem due to polishing effects. Besides, it appeared that the observed
bond cracks are always accompanied by paste cracks. For the purpose of this study, mapping of the
visible bond cracks would not add significantly more information to the crack maps. In this study
only the number and distribution of the paste microcracks are of interest. In the crack maps, each
crack can thus be simplified as one straight black line, traced between the observed begin and end
point of the crack.

Of each thin-section the middle part with a total area of 20 x 40 mm? is mapped; for an Esem-sample
only the middle square cm is mapped. Before mapping reference images are made of the mapped
areas, using a stereomicroscope. These images are then used to map the cracks manually, when sit-
ting behind the microscopes. After mapping the cracks they are digitized. To produce a digitized
crack map of 800 mm? thin-section and 100 mm? of the esem-sample takes about 2, hours for both
sample types.

Results and Discussion

Figure 4 shows microcrack maps obtained with fluorescence light microscopy (FLm). Figures 4a and
b show one example of a crack map at both stages (i.e. 2 and 8 days curing respectively).

The number of microcracks in all three thin-section at the two hardening stages are given on top of
the two crack maps. Figure 4c shows an example in which the crack map is combined with a micro-

graph of the grain structure of the mortar.
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c. 8 days curing
NT5=94

0

b. 8 days curing
Np=69  Nps=94

a. 2 days curing

Npm=8  Np=5 Np3=0 Npe=115

Fig.4.  Microcrack maps of 20 x 40 mm? on basis of fluorescent thin-sections. Microcracks that are
mapped have widths of 1-5 um. Figures (a.) and (b.) show maps for the two hardening stages
(see section 2.2 for exact age). Figure (c.) shows a microcrack map combined with the reference

image of the thin-section.

In Figure 5 microcrack maps of the two hardening stages in the mortar obtained with FLM and esem
are compared. The FLM crack maps in this figure are the centers (9.5 X 9.5 mm?) of the maps given in
Figures 4a and b. All crack maps in Figure 5 thus have the same position within the prism (see sec-
tion 2.2). For the FLM and EsEmM-GSE maps each time one example is given. The number of microcracks
in the three crack maps at each stage are given on top of the maps. Only one map for both hardening
stages was produced in the esem-Bse mode. The indices of the crack count refer to the number of the
prism. For example, thin-section T1 and esem-sample E1 originate from the same prism.

From the thin-sections that were made with cuts perpendicular to the sample surface, it was
observed that cutting did not introduce any additional cracks in the mortar at both hardening
stages. At least not in the range of the mapped cracks, which is 1-5 um for thin-sections. From this
observation and on basis of observations that paste cracks have in general a perpendicular orienta-
tion to sand grain boundaries it can be concluded that the observed microcracks are caused by
shrinkage of the cement paste restrained by the sand grains. This type of crack-patterns due to a
shrinking paste has been predicted by Goltermann [9] on basis of the linear elasticity theory. It also
follows from numerical analysis with the lattice model by Vervuurt and Van Mier [10].



The crack maps in Figures 4 and 5 show a clear increase in the number of cracks in the 8 day harden-

ing stage compared with the 2 day stage. This increase can be explained by a higher magnitude of

autogenous shrinkage after 8 days. Of the five types of shrinkage mentioned in the introduction,

autogenous shrinkage probably only could have occurred internally in the mortar. A higher magni-

tude of autogenous shrinkage of cement paste at 8 days in comparison to the 2 day hardening stage,

has been shown for a cement paste with w/c ratio of 0.4 by Tazawa [11].

When the Fuv and EsEM-GSE crack maps are compared, it becomes clear that less microcracks are

detected with rLm. This can be explained by the limited contrast of the cracks in the fluorescent thin-

section: only part of the present microcracks are recorded. Another explanation could be that the

esem-sample is overprinted by drying shrinkage in the esem at r.h. of about 25%, which causes cracks

to open [7] and possibly creates new microcracks. This also happens when the Esem-sample is dried

at a r.h. of about 1%. The Bsem-Bst crack maps show much more and wider cracks than crack maps

obtained at r.h. of about 25% in the Gse-mode.
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Fig. 5.

relative humidities. A = the 2 days curing stage; B = the 8 days curing stage; r.h. = relative

humidity; c.w.r. = crack width range.

Comparison of microcrack maps (9.5 x 9.5 mm?) obtained with different techniques at different
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Conclusions

From the preliminary results it can be concluded that microcrack mapping can be an aid to quantify
shrinkage microcracking in young mortar. The microcrack maps may also give insight in possible
preferred distributions of the microcracks. Preferred distributions within one crack map may be
present, but also when different parts of a specimen are mapped, preferred distribution within a
specimen can be found.

An important observation in this study is that microcracks open as a result of drying, which has also
been shown by Kjellsen and Jennings [7]. The implication of these observations is that microcrack
quantification at constant magnification should always be performed as function of the relative
humidity during sample preparation (thin-sections) and the relative humidity during viewing
(ESEM).
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