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Proof of the effectiveness of water-repellent injection
methods for a subsequent masonry seal, based on
experimental investigations on bricks and mortar,
with the scanning electron microscope in ESEM
mode, as well as in the correlation to conventional
detection methods
Abstract
Due to the problem of rising masonry moisture on capillary masonry in the absence of a crosssection sealing, injection agents that have a hydrophobic and pore-filling effect, subsequently
are used in the borehole method. Such a subsequent masonry sealing must be checked for
effectiveness. In addition to already existing macroscopic methods, a new microscopic detection method is presented in this work. This detection method uses ESEM technology in the
SEM to generate and detect in situ dew processes at samples taken from the injection level of
the examined masonry. The output of the results is done by image or film. By means of the
condensation with the medium of water, the contact angle measurement method on the dew
drops can be used to make accurate statements about the water-repellent capabilities of the
examined sample and thus about the sealing success.
There are detectable correlations to the macroscopic detection methods. In the presently presented new detection method, the procedure is carried out in two stages by capturing macroscopic data, related to the injection medium used in stage 1. In the second stage, microscopic
contact angles are measured in the ESEM by means of condensation processes and correlated with the data obtained in stage 1 using a mathematical model. As a result, a geometric,
qualitative and quantitative picture of the capillarity changed by the use of the injection agents
can be presented.
The method presented in this work is a further development of already existing methods and
offers the advantage to have very small samples and to be investigated in a short time with
very precise results. The new detection method is suitable for practical use.
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2.

INTRODUCTION AND TASK

2.1

Introduction into the topic

PETER KÖRBER M.SC.

In the refurbishment of old buildings, especially in the area of monuments [1], massive masonry walls
consisting of brick masonry [2] are found very often. Since brick is a capillary-active building material [3],
there is a pronounced water absorption and release as well as water transport behaviour on the walls of
old buildings [1], [4], [5], [6], [7], [8]. Although already known from antiquity, the regular use of functioning building waterproofing began in Europe around 1890. Nevertheless, there were no uniform rules for
the execution of structural waterproofing at that time. Only in the 1930s structural waterproofing was
normatively regulated in parts of Europe. Although the cross-section sealing in massive walls had already a higher priority than other sealings on buildings at the end of the 19th century, in Europe crosssection sealings were regularly installed in masonry walls since 1930 onwards [15]. In the old building
area, very often buildings to find that have a cellar, even if the space requirements made this cellar unnecessary. This is related to the previous construction / use, in which the basement was due to lack of
sealing technology while permanently moist, but served as a 'buffer' to the upper floors, which thereby
could be kept sufficiently dry. In this way the buildings were built without a cross-sectional sealing.
For these reasons solid brick walls in cellars are often encountered in old building renovation and monument preservation, in which there is rising masonry moisture due to non-existent cross-sectional sealings. Due to usage or reuse and value retention requirements, however, there is a great need in the
renovation of old buildings and in the preservation of monuments to seal capillary masonry walls permanently against increasing humidity in the wall cross-section [9], [10].
In the retrofitting of masonry cross-section seals there are three main groups. On the one hand, mechanical cross-section seals can subsequently be installed by means of wall sawing methods. On the
other hand, the missing sealing membrane can be supplemented as part of a wall replacement procedure. However, each method means mechanical and thus static interventions in the old substance.
Therefore the largest group of cross-section sealings is represented by the masonry injection methods
contemplated herein, which do not require static interventions [11], [12], [13].
There are currently about 150 different injectables available in Europe [62] for the subsequent crosssectional sealing of capillary masonry. All injectables have in common that they are applied by the production of borehole chains in the masonry. The injectables react chemically. The sealant layer in the
masonry is physically formed [14], [15], [16].
There are non-pressurized processes which are applied by capillarity or by gravity. There are also pressurized processes in which the injection medium is pressed into the masonry under low or medium
pressure. Due to the inhomogeneities inherent in the bricks used at that time, which may result, for example from differences in the fire, difficult conditions are often encountered at old bricks.
In addition, there are any previous processing errors of the mortar joints, war damage, cracks and any
cavities of the masonry to be treated. Although the condition of the old masonry, when treated with injectables in the masonry diagnostics, is to be investigated before the injection agent is used, there are
still imponderables, since the defects in the masonry are usually concealed and therefore may go unnoticed [17], [18], [19].
The basic efficacy of an injection can be demonstrated in Europe through WTA certification.
However, this evidence refers to a standard masonry with standard mortar and is tested in the laboratory on test specimens in a long-term procedure. Other known detection methods are based on laboratory
tests on specimens and local long-term measurements of the drying behaviour after the application of
injection media. Therefore, there are no statements on the efficacy of the local on-site injection so far,
which can be provided in a short time with small amounts of samples [20], [21], [22].
There is a need for a suitable new detection method. The use of injectables by means of borehole
chains has the goal of changing the capillarity of the old masonry structure in such a way that, according
to the previously formulated sealing aims, the capillary transport of water in the masonry is slowed down
or even stopped [23], [24], [25], [26], [27], [28].
In order to be able to monitor the injection procedure and to be able to demonstrate the effectiveness of
the injection medium, it is therefore necessary to record the quality and quantity of capillarity that actually changed on the object. In addition, the geometric spread of the applied injection agent in the masonry
must be checked, as this is directly related to the effectiveness of the injection. Since all existing detec-
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tion methods have a long-term procedure and take place on laboratory test specimens, these test
methods cannot be used for practical purposes defined here [29], [30], [31], [32], [33], [34], [35], [36],
[37].
In this work a new detection method for the qualitative and quantitative detection of modified capillarity
by application of injectables is presented. This procedure complies with the requirements set out in
3.1.4. The intention of the verification procedure presented here, is to develop the existing procedures
further. The detection method presented in this work is based on the contact angle determination in the
Environmental Scanning Electron Microscope, ESEM. The ESEM is a modified version of a scanning
electron microscope, SEM. In contrast to the SEM, the ESEM can be used in low-vacuum mode. This
circumstance allows the supply of a medium (here water steam) under the investigation. A cooling table
in the chamber allows the sample to be cooled while the air in the chamber is at 100% relative humidity.
By changing the chamber pressure a condensation can be provoked in the ESEM [38], [39], [40], [41],
[42], [43].
The contact angles can be determined on the resulting drops of water. When measuring the contact
angle, one makes use of the interfacial tension of the water. Both static contact angles and dynamic
contact angles can be measured in the ESEM. The contact angles provide information about the capillarity of the sample material on which the drop has formed [44], [45], [46], [47], [48], [49], [50].
In this work, the geometric drop contour analysis was developed for the contact angle measurement in
the ESEM, where the drops in space can be measured using a geometric model, see Fig. 11. The detection method presented here was demonstrated by a 2 - stage test on 122 mortar and bricks samples
treated with injection agents. In the first stage, conventional macroscopic measurement procedures
were performed on the samples for data collection. In the second step, microscopic contact angle
measurements were taken on a selection of samples, in addition to the measurement of RH values
measured in sealed chambers in the middle of the samples, with using the ESEM. Use of a mathematical modelling, the data obtained in the first stage could be correlated with the contact angles measured
in the ESEM in the second stage. In this way, the first-stage macroscopic values such as w-values and
fictitious water contents can be assigned to the ESEM measurement values. As a result, in addition to
the ESEM contact angles, mathematically determined w-values and fictitious water contents for the
respective sample are obtained, which provide information about the changed capillarity in comparison
to the reference sample. The w-values can be evaluated according to the existing evaluation matrix, Fig.
1 [51], [15]. The fictitious water contents and the RH-values can be processed in a moisture simulation.
In the case of application, samples are taken depth-seperated in measuring axes in a pre-defined
measuring field, to be examined for their contact angles in the ESEM.
From the data obtained from this, a geometrically differentiated picture of the altered capillarity of the
masonry is given in correlation with the data of the stage 1. The new detection method can provide information on the quality of the inserted injection medium as well as on the basis of the geometric assignment which also provides information about the quantity of injection agent application.

0,5

strongly absorbent

0,5

water resistant

w ≥ 2.0 kg/m² h
w ≤ 2.0 kg/m² h

0,5

w ≤ 0.5 kg/m² h

w ≤ 0.001 kg/m² h

water repellent
0,5

waterproof

F i g u r e 1 : Evaluation matrix of the results of the W-Value measurements,
based on DIN EN 15148 and DIN EN 1062 T3
Source: J. Weber, Bauwerksabdichtung in der Altbausanierung p. 38 [15]
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3.

3.1.1

PETER KÖRBER M.SC.

REFLECTION TO THE 4 THESES

Thesis 1: Due to anomalies in the building material and in the
masonry, laboratory screening on laboratory test specimens
to proof the capillarity of building materials, treated with injections, analogous to the WTA certificate, is not meaningful
alone. Quality and efficacy monitoring of specimens, taken
from the object, are required

3.1.1.1 Question: To what extent does the subsequent sealing level
prevent the capillary forwarding after the injection?
If the subsequent sealing produced by certified injection media fails in capillary masonry, the following
causes basically exist:
 The masonry has a to high moisture content and (or) excessively high degree of salinity for the
selected injection medium and (or) the selected injection process
 The borehole distances have not been selected correctly
 The spreading of the injection is geometrically irregular

F i g u r e 2 : Application spread and borehole distances are ideal:
=> overlapping cylindrical spread, Source: Körber, P.

[52], [53], [54], [55], [56]
In the following sketched 3 cases is presented, where the basic question about the changed capillarity
in the injection level is explained. It can be seen in Fig. 2 that the spreading of the injection medium
applicated via the borehole chain has taken place in such a way that the areas changed in their
capillarity (here illustrated ideally in cylindrical form) sufficiently overlap (intermesh). In this case there
is:
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a sufficient spread of the injection agent in the masonry and
a right borehole distance and
a sufficient spreading geometry

The result is a 'sealing area' in the masonry. The planned sealing quality can be achieved.
In Fig. 3 it can be seen that the spreading of the injection medium applicated via the borehole chain has
taken place in such a way that the areas changed in their capillarity (also shown here ideally in
cylindrical form) do not sufficiently overlap. In this case there is:
 an insufficient spreading of the injection agent in the masonry and (or)
 an incorrect borehole distance and (or)
 an insufficient spreading geometry

F i g u r e 3 : The spread of the injection application is to small / borehole distances are to far,
there is a cylindrical injection spread, but it is not overlapping, Source: Körber, P.

As shown in Fig. 3, there is no complete sealing area in the masonry. The sealing quality, as shown in
Fig. 2, can only be achieved partially. Causes for the non-uniformly changed capillarity in the sealing
area are here either the insufficient spread of the injection medium itself and (or) the too great distance
of the selected boreholes.
In fact, however, geometrically deformed injection spreads have often been observed on subsequently
sealed objects and also on samples treated with injections. These are shown schematically in Fig. 4. It
can be seen in Fig. 4 that the spread of the injection medium applicated via the borehole chain has
taken place in such a way that the areas changed in their capillarity are not uniformly and that they are
geometrically deformed. In addition, the areas do not overlap sufficiently. In this case there is:
 a non-uniform and insufficient spreading of the injection agent in the masonry and (or)
 an incorrect borehole distance and (or)
 a geometrically unknown, diffuse spread geometry
There is no complete 'sealing area' in this masonry here aswell. Here the sealing, as shown in Fig. 2,
can only be achieved partially. In the pictures shown in Fig. 5, the asymmetrical, geometrically deformed
spread at injection-treated bricks that have been separated in the borehole area, has been identified.
The hydrophobic areas of the brick halves are outlined in black. The remaining areas of the brick halves
are hydrophilic. The deformed spreading of the injection agent, commonly found on brick walls, is due to
causes inherent in the masonry material and the workmanship.

PHD – Thesis Peter Körber M.Sc.

2018

Seite 5

UNIVERSITY OF PÉCS _ BREUER MARCELL DOCTORAL SCHOOL
FACULTY OF ENGINEERING AND INFORMATION TECHNOLOGY
HOCHSCHULE WISMAR UNIVERSITY OF TECHNOLOGY, BUSINESS AND DESIGN
FACULTY OF ENGINEERING
PHD - THESIS

PETER KÖRBER M.SC.

F i g u r e 4 : The spread of the injection application is too small / the bore hole distances are too wide /
the spread of the injection agent is geometrically deformed, Source: Körber, P.

The injection agent use, discussed here, is applicated at old buildings, in particular on monuments, but
not in newly constructed structures. Here, the special factors that make up the use of injectables play a
role aswell. First, it is relevant that the injection application can only be used in capillary masonry. If the
masonry consists, for example, of aerated concrete, an injection agent application is impossible
because of the proportion of air pores. On the other hand, injection means for subsequent sealings can
only be used in the load case 'non-pressing water' (soil moisture).
If the load case is 'pressing water', an injection agent sealing is excluded. Laboratory tests and
experiments on objects have found that the deformed spread geometries are often based on the
following causes:
 inhomogeneity of building materials: brick and mortar
 Cracks or cavities of the masonry
 Differences in the burning of the bricks
 Non-burned areas of brick
 Non-hydrated areas of mortar joints
 foreign matter / mixed masonry
 Moist differences in the masonry

hydrophobic

hydrophobic

hydrophilic

hydrophilic

a)

b)
F i g u r e 5 : a) & b) Brick after the injection, separated in the borehole area,
the spread of the injection agent is geometrically deformed, Source: Körber, P.
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3.1.1.2 To thesis 1
In the past, injectables for subsequent building waterproofing were often used without a masonry diagnostic, without knowledge of the environment and sometimes without sufficient knowledge of the injection agent to be used. The sealing success was rarely professionally controlled and just as rarely documented. It is the opinion of the processors that the proof of sealing success is not part of the contract.
[57], [58], [59], [60], [61]
This effectively operates a synchronisation of all of the applicable injectables, the types of applications
and the way the injection sealing is applicated [62]. The masonry to be sealed in practice, however, is
as diverse as the injection products that are available for the sealing. An accidental choice of an injection agent for use on an unknown masonry can only be successful at random. At present, around 150
different injection agents are available [62] for the subsequent masonry sealing [63].
Before an injection agent is selected for the subsequent sealing, the masonry to be renovated, the local
conditions and the expected sealing success must first be considered and described in detail. In many
cases, a cross-sectional sealing, consisting of injection means, is related to further redevelopment
steps. Here it is crucial that all renovation measures are coordinated and that "in one system" can be
worked [64], [65], [66].
The currently available detection methods for injections are based on long-term macroscopic measurements. Essentially, there are laboratory-based detection methods with test specimens produced on the
laboratory, which are based on macroscopic investigations. These methods have a very long measurement time. In addition, the certification procedure according to WTA [66] exists. Since quasi-standard
test specimens are used, this WTA- certification can only make statements about the basic effectiveness of an injection agent. In this respect, there is no detection method that can check the injection
agent use on the object with fast and accurate results on the basis of small samples. However, recent
scientific studies and publications have shown that, due to construction and building material anomalies,
the results of the above-mentioned laboratory screening cannot readily be transferred to the use of injectables on a specific object. Frequently encountered masonry anomalies may be in cracks where any
large quantities of the injection agent are discharged unplanned and thus the intended spread of the
injection cannot be achieved. In addition, for years the literature pointed on the dangers of possible
voids in the masonry. Another problem of the masonry to be treated is the moisture content. In this respect, it has already been proven that the borehole distances of borehole chains for the injecting agent
application are not by no means always the same as those specified by the WTA leaflets [29], [30], [31],
[32], [33], [34], [35], [36], [37].
In this context, there are correlations between the degree of the moisture content [D(g)] of the masonry
and the required distance of the boreholes. However, if one selects undifferentiated and without consideration of the degree of moisture, the distance between the boreholes currently recommended of the
WTA [66], [78], the desired sealing success may not be achieved. The intended sealing area in the masonry is then simply fraught with flaws and island formations [67].
The successful use of an injection agent depends on the effectiveness of the agent itself, on its spread
in the wall cross-section, on masonry anomalies, on any cracks and voids and on the degree of salification of the masonry. These old building-specific characteristics of the injection agent application cannot
be determined by laboratory series investigations (like the WTA certification). Investigations are required
on specimens collected on site from the building [67].
On the basis of the series of measurements carried out in this work, it has been proven that inject
agents for the subsequent masonry sealing against capillary moisture does not have a broadband effect. This is partly due to the differences in masonry materials. On the other hand, not all injectables
show the same effect on the different materials, in particular with respect to different degrees of moisture content. For these reasons, a quality control of the use of injectables is required during the application. In addition, a proof of the sealing success after completion of the injection work (in the finished
state) on samples from the object is required. Due to the construction-accompanying quality control,
fails in the injection work can be avoided and corrected in the early phase of the work. The final check
serves to establish the achievement of the sealing goal.
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Thesis 2: As part of the use of injection waterproofing
agents, a procedure is required to document the effectiveness of the application of the injection and to verify the extent to which the sealing goals have been achieved

It has often been observed in the past with regard to the use of injectables that the causes for the lack
of sealing success lies in the lack of analysis of the existing conditions of the sealing object and in the
unqualified choice of the injection medium. Likewise, omissions regarding to the masonry diagnostics
were occurred. As a result of a well-founded preparation, all available means for a subsequent sealing
must be checked. In some cases, it may even be advisable to stop the use of injectables [68], [69].
Again, the required differentiated handling of the injection agents becomes clear. Condition analysis and
masonry diagnostics, well-founded conception, as well as quality control and proof of effectiveness of
the injection medium used must be contractually agreed. Only then these service components will be
compulsorily remunerated as a benefit and the quality of the injection agent use will increase. According
to thesis 1, there is a need to prove the quality of the injection agent used during and after the work.
According to the current state of the art, injectables can be certified corresponding to the WTA leaflet
[66], [78]. These processes are laboratory-worked off and operated by the manufacturers. Such certification confirms the basic efficacy of the injection agent under laboratory conditions.
However, through this certification, there are no statements about the interactions of the injection agent
with the specific local masonry.
The reasons for this are uncertainties due to inhomogeneities. In addition, cracks and cavities of the
masonry play a role. Since such things often lie inside of the masonry, that is to say hidden, even a
meticulous masonry diagnostics cannot name all the imponderables in advance. Since a subsequent
sealing by injections often does not have the function of a sealing foil, it is necessary to name the sealing targets before starting the injection work. These sealing targets should be expressed in percentage
as a measure of improvement. Based on these targets, the injection medium and the injection technology can be selected [57], [58], [59], [60], [61], [64], [65], [66].
The accompanying review of the injection work, required in this paper can serve as a corrective to the
work which has already started. According to the intermediate results adjustments can be made on site.
In this way, for example, the borehole distance could be adjusted. This approach comes close to the
idea of a trial injection. However since such a procedure produces comparable intermediate and final
results, the same analysis should be used as in the final check of the effectiveness of the used injectables. With the currently available detection methods, long-term moisture measurements are carried out
on the object, which take years to complete. On the other hand, procedures are offered that need the
creation of test specimens in the laboratory. These methods also require a long time course.
Ultimately, all currently available detection methods are equivalent to use injectables on specimens,
which are built and tested for efficacy in the laboratory. With the current state of the art, the requirements for a detection method set out in this work, shown in 3.1.2.1., cannot be met.
After the injection work has been carried out, the sealing targets on the samples of the object must be
qualified and checked differentiated. Therefore, a detection method is required which can demonstrate
the geometric spread of the injection medium and the actually changed capillarity in the masonry. The
detection method must be usable quickly, reliably and with low sample material expenditure both, during
the work and as a follow-up.
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3.1.2.1 Requirements for the new detection method
[29], [30], [31], [32], [33], [34], [35], [36], [37]
A detection method for checking the injection medium used on the specific object must be able to
answer both, the question of the geometric spread of the injection medium and the question of the
effectiveness of the agent within the sealing area. The requirements for the test matrix of this new proof
method must follow the following parameters:
 The taking of a large number of samples must be possible
o On-site sampling at any area of the masonry must be possible
o Sampling during the injection work and after the injection work must be possible
o Sample selection from the injection area must be possible
o Reference samples on other masonry areas for verification must be possible
o Low weight and small size of the individual samples must be possible
o Simple minimally invasive sampling must be possible
o Sampling in measuring axes at different depths of the masonry must be possible
 For accurate determination, a laboratory-based detection method is required
 The reproducibility of the measurement results must be given
 The measurement results must be objectifiable
 The measurement results must allow differentiated statements about the altered capillarity of
the injection area
 The results must allow both qualitative and quantitative statements on efficacy of the injection
 The results must be available in short time intervals

3.1.3

Thesis 3: On the basis of scanning electron microscopic investigations in the ESEM, condensation processes on building materials on a microscopic scale can be generated, which
can provide information about the capillarity of the building
material being investigated

[69], [70], [71], [72], [73], [74], [75], [76], [77].
In the ESEM, the condensation processes can be observed in situ. The condensation water drops grow
in a dynamic process. Images can be taken in the ESEM at any time during the ripening process. In this
way contact angle measurements can be made on static and on dynamic drops.
The contact angle measurement is a well-studied tool for determining the degree of hydrophobia. This
method is now to be applied to injection-treated, capillary masonry. To measure the contact angles in
the ESEM, the 'Geometric Drop Contour Analysis' was developed in this work. In the context of this
thesis, the studies in stage 2 prove that condensation processes in the ESEM can provide information
about the capillarity of the investigated material. The ESEM is also suitable for determining the degree
of hydrophily in the case that the ESEM cannot cause droplet formation due to the hydrophily of an examined sample. In this case the immediate formation of a water film can be exactly detected in the
ESEM.
In the case of altered capillarity of the substance under investigation, on the one hand, a contact angle
arises on the dewdrop deviating from the reference sample. In this way, the degree of change can be
shown by the injection agent used. On the other hand, the contact angle measured in this way can be
objectified by classifying the result according to existing definitions for the hydrophobia, shown in Fig. 1.
[79], [80], [81], [82], [83], [84], [85].
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3.1.3.1 ESEM condensation: hydrophilic properties
=> water film formation
In the following, examples of the condensation processes carried out in the ESEM on bricks and mortar
samples are given by way of example. By way of illustration, condensation of hydrophilic, hydrophobic
and superhydrophobic samples are also exemplified in 3.1.3.1 to 3.1.3.4. The medium supplied in the
studies in the ESEM was water. Fig. 6 as an example shows a film forming out of a water film, that has
been formed in the ESEM in the shortest possible time. It is a hydrophilic sample material with a contact
angle of 0 °. There is no droplet formation detectable.

Figure 6:

Investigation in the ESEM: Brick, hydrophilic
=>instant water film forming
=>there is no droplet formation detectable
Source: Körber P.
[Attachment 01]

3.1.3.2 ESEM condensation: hydrophilic properties
=> Contact angle < 90°
Fig. 7 as an example shows a drop formation in the ESEM at a very flat angle. The drop angle is large
enough to avoid an instant film formation, yet it is a hydrophilic contact angle, well below 90°.

Figure 7:

Investigation in the ESEM: Brick hydrophilic
=>Contact angle well below 90°,
Source: Körber P.
[Attachment 02]
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3.1.3.3 ESEM condensation: hydrophobic properties
=> Contact angle > 90°
In Figure 8 a drop formation with an angle > 90 ° is shown as an example. The drop shape and the contact angles prove that this is a hydrophobic sample. The contact angle is measured with the 'Geometric
Drop Contour Analysis', see Fig. 11

Figure 8:
Investigation in the ESEM: Brick hydrophobic
=>Contact angle well above 90°,
Source: Körber P.
[Attachment 03]

3.1.3.4 ESEM condensation: super hydrophobic properties
=> Contact angle > 150°
Fig. 9 as an example shows a spherical droplet formation. It is a superhydrophobic surface with a contact angle > 150 °.
Figure 9:
Investigation in the ESEM: Brick, superhydrophobic
=>Contact angle > 150°,
Quelle: Körber P.
[Attachment 04]
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3.1.3.5 ESEM condensation: Contact angle measurement with the
‘Geometric Drop Contour Analysis’
The contact angle measurements in the ESEM take place in a three-dimensional space. Therefore, a
geometrical model is required for the measurements. Similar to the drop contour method it is necessary
to detect the contour of the drops. In the next step, a two-dimensional tangent measurement can be
performed on the three-dimensionally detected drop. The contact angle measurement can be done directly in the ESEM or subsequently on images of the ESEM. In the ESEM, which in this case has a
dynamic droplet formation, the mature drops must be measured. If a drop lies on the solid surface in
such a way that there is a drop-side view, the contact angle of the drop can be measured directly in the
ESEM or in the ESEM image, see Figure 10. If the drop lies on an oblique and rotated plane, then the
drop is to see in a perspective. For such a case, the 'Geometric Drop Contour Analysis' in Figure 11
was developed in this thesis. The determination of the angle happens in the present case geometrically
[44], [71], [83], [84].
To perform the 'Geometric Drop Contour Analysis', one makes use of the fact that a drop in its ideal
form consists of a spherical segment. The contour of the spherical segment also corresponds in the
perspective of the 2-dimensional contour of a spherical segment. The idealized sphere segment has a
circular disk (= circle outline) as base area. If this circular outline is drawn perspective in the image created in the ESEM, then the circular arc intersects with the arc of the drop contour. The baseline can be
plotted in the intersections of both bows. After the image is rotated and aligned with the baseline, the
contact angle at the arc of the drop contour above the baseline can be measured 2-dimensionally in the
tangent method. The 'Geometric Drop Contour Analysis' is based on an idealized model of the drop
without a bump- effect and with idealizing the solid topography. Due to the idealization and due to the
measurement tolerances, a tolerance must therefore be taken into account for this model. The tolerance
of the 'Geometric Drop Contour Analysis' is set here to 3°. For the discussed proof method of the effectiveness of injection means a tolerance of 3° is appropriate and justifiable.

a)

b)
F i g u r e 1 0 : Direct measurement of the contact angle a) in the ESEM (180° - 128,7° =>51,3°)
b) in the ESEM- Picture (180° - 90,7° =>89,3°), Source: Körber P. [Attachment 05a,b]
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a)

b)
F i g u r e 1 1 : a) & b) ‚Geometric Drop Contour Analysis‘ and the tangent measuring method,
Source: Körber P. [Attachment 06]

When measuring the contact angle in the ESEM, it is often necessary to measure at inclined levels.
Therefore, there may be drops that have both an advancing and a retreating contact angle. First, the
measurement must always be made on mature drops. A simplified model is used for the measurement
in this work. In this model both contact angles (advancing and retreating angles) are measured. In the
next step, both angles are added together and their sum is halved. In this way, the average contact
angle is detected. In this idealized model it is assumed that the two angles deviate to the same extent
(one negative and the other positive) from the possible undisturbed contact angle [44], [87], [88], [89].

3.1.4

Thesis 4: Based on microscopic analyses of the contact angle in the ESEM, the altered capillarity of building materials,
treated with injections can be detected. This detection method is suitable for construction practical use

The detection method presented in this work can be used both during the construction process and after
the work. By means of this method it is possible to differentiate the changed capillarity of the masonry
qualitatively and geometrically. The detection method presented here fulfils the following criteria which
are important for construction-practical use:







It is possible to take a variety of samples
o No test specimens need to be created
o Sampling is possible in any masonry area
o The sampling is minimally invasive, with mini- core- bores
o The sampling is taking place in a depth-staggered measuring field
o The sampling is taking place both, during the work and afterwards
o Reference samples are taken to check the sealing targets
o The samples are small in size, light in weight and easy to transport
o In the ESEM, accurate results can be achieved in a short time
The ESEM-based detection method allows exact and reproducible measurement results
The measurement results can be objectified by previous macroscopic measurements
o For this purpose, a database which is subdivided according to the individual injection
means is to be created in advance. This data can be reused with each new ESEM
measurement
Based on the measurement results generated in the ESEM, both qualitatively and geometrically
differentiated statements can be made about the altered capillarity
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In this work, a two-stage laboratory test was performed on injection-treated samples.
On 122 samples with different degrees of moisture, three waterproofing and pore narrowing injection
agents were applied.


In stage 1, the following macroscopic, conventional measurements were carried out on these
samples:
o Measurement of w- values
o Measurement of water contents (as part of the w-value measurements)
o Measurement of macroscopic contact angles in the Drop-Shape- Analyzer
o Measurement of the spread of the inject agent



In stage 1a, the following measurement procedures were performed on a selection from the
stage 1 sample pool:
o Measurement of RH- values* during the water absorption in a water bath up to
measurement constancy
*RH = relative humidity



In stage 2, the following measurement procedures were performed on the samples taken from
the stage 1a (new samples out of the investigation areas of the samples of stage 1a):
o Measurement of microscopic contact angles in the ESEM

Using mathematical modelling, the values measured in the ESEM (=stage 2) could be correlated with
the macroscopic measurements of stage 1. With the help of this data, the obtained measurement results can be objectified and evaluated. The evaluation of the assigned w-values takes place according
to Fig. 1 according to DIN EN 15148 and DIN EN 1062 T3 [15], [78].

3.1.4.1 Results of the investigations in stage 1
In Table 1 and 2 the examination results of stage 1 are listed. These measurement data were used to
correlate them with the ESEM contact angles measured in stage 2. The following results are listed in
stage 1:
 w-values [kg/m²√t]
 contact angles, macroscopic [°] [86]
 spread of the inject agent [mm]

Table 1:

Results of the investigations in stage 1 (macroscopic), part 1,
Source: Körber P.
[Attachment 07a]
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Table 2:

Results of the investigations in stage 1 (macroscopic), part 2,
Source: Körber P.
[Attachment 07b]

As a result of the macroscopic investigations, the correlation between the w- values and the macroscopically measured contact angles are detected.
In the following diagram 2, the relations of macroscopically determined contact angles to the measured
w- values, differentiating according to the individual injection means, are plotted as an example. In order
to be able to classify the results, the hydrophobic and hydrophilic areas are shown in the diagram. The
limit for the hydrophobicity is at a w- value of 0.5 kg / m²√t and at a contact angle of 90 ° [15], [78].

3.1.4.2 Evaluation of the macroscopic measurement results
Diagram 1 shows the w- values of the 122 injection-treated samples in a coordinated manner. The
boundary between hydrophilicity and hydrophobicity is also w = 0.5 Kg / m²√t. The samples whose
measured w- value is below the registered line for w = 0.5 Kg / m²√t can be described as hydrophobic
according to Fig. 1 [15], [78]. Those samples, whose measured w-value is above this line, are called
hydrophilic. As a result of the w-value measurements, it is found that the results of the samples M and Z
are very predominantly in the hydrophobic region, irrespective of the particular injection medium and
irrespective of the degree of moisture penetration.

Diagram 1:
Results of all of the 122 w- values for the samples
M, Z, A und V differentiated in hydrophobic und
hydrophilic, Source: Körber P.
[Attachment 08]
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Instead of that, the w-values of the samples A and V are very highly divided up into the hydrophilic area.
The samples A and V (old- house- samples) are characterized by the already existing carbonation and a
lower density. Diagram 2 shows the relationship between the measured macroscopic contact angles
and the measured w- values, broken down by the individual injection means, as an example.
Diagram 2:
Applied injection IA 2_ P (injection under pressure)
Relation between contact angle macroscopic and wvalue macroscopic. Differentiated after the samples:
M, Z and A.
The boundary between hydrophilicity and hydrophobicity, shown in Fig. 1, is defined with a contact angle of
θ =90° and W-value w =0,5 Kg/m²√t,
Source: Körber P. [Attachment 09]

In in the following diagram 3, the relation between the contact angle and the spread of the inject agent
on the sample IA 3_Z, is shown as an example.
Concerning the borehole distances for the application of injections, usually the statements of the leaflet
WTA 4-10-2015 [78] are used. These borehole distances are also cited in varied publications and in the
technical literature as appropriate. In the leaflet WTA 4-10-2015 [78] one says that the boreholes should
own the following horizontal distances for certificated injection means in the application in the bore process:
 10 - 12.5 cm [78]

As a result of the investigation of this work it is shown in diagram 3, that the spread of the injection
agent is mostly less than 50 mm. In diagram 3 only one sample has a spread of the agent of 70 mm.
The spread of the inject agent does not reach the demands of the WTA leaflet [78]. The propagation of
an inject agent in the building material stands in direct connection with the effectiveness of the injection.
In a multitude of the specimens, examined here, the spread of the injection agent is in respect to the
demands of the WTA [78] clearly too slightly. In this case the borehole- distances would have to be selected more slightly, to be able to guarantee a constant effectiveness of the injection.
These results indicate that a detection procedure is required that can demonstrate the effectiveness of
the injection, using samples from the treated masonry.
If this proof is carried out in an early phase of the injection work, the borehole distances may be selected more narrowly.

Diagram 3:

Applied injection IA 3_ Z (injection without pressure)
Relation between contact angle macroscopic and the
spread of the inject agent ,
Source: Körber P. [Attachment 10]
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3.1.4.3 Investigations at stage 1a (RH- measurements)
At least 4 sensors each were attached to 5 selected samples in order to determine the relative humidity
in the measuring chambers in the sample interior. The sensors were placed in drill holes and sealed
airtight. The measuring chambers had a size of about 8 * 10 mm. The samples were adjusted analogously to the w-value determination in a water bath with a constant water level, so that the water absorption of the samples was carried out by capillary suction. The measurements were written until the
value constancy by means of a data logger was achieved. The values for the relative humidity determined in this way describe the microclimate in the respective measuring chamber. The probes were
deliberately placed both in the respective injection levels and in the non-hydrophobic areas. Subsequently, material samples were taken from the immediate vicinity of the measuring chambers. At these
samples, the microscopic contact angles were determined in the ESEM.

3.1.4.4 Results of the data logger measurement at stage 1a
From the samples tested in stage 1, 5 samples were selected for the study which is described in step
1a. The measurement data was continuously written over periods of between 26 and 189 hours to the
constancy of the measurement. To prepare the experiment, the samples were dried in the laboratory
oven. Under the experiment, the water level in the water bath was kept consistently high. Diagram 5
shows the measured values of the data logger measurements up to the measurement constancy.

Figure 12:

Experiment setup data logger measurements
Source: Körber P.
[Attachment 11]

Diagram 4:
Results of the data logger measurements on the
sample:
a) V5: RH values for 4 probes, period 26 hours
The red field marks the achievement of the measurement constancy,
Source: Körber P. [Attachment 12]

The samples taken from the adjoining areas around the measuring chambers for examination in the
ESEM following the data logger measurements show very different measured values. This is due to the
sample selection since they come specifically from the injection area as well as from supposedly nonhydrophobized areas. This method enables the simulation of conditions encountered in the proof procedure on site. In the application case the measuring axes of the sampling for the ESEM measurements
can be staggered in their depth in the masonry. This way the measurement creates a spatial picture of
the altered capillarity of the masonry.
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3.1.4.5 Investigations in the ESEM at stage 2
In addition to the macroscopic w- values and the macroscopic contact angles, the measured relative
humidity values serve to classify the microscopic contact angles, measured in the ESEM. Based on a
mathematical model, the contact angles measured in the ESEM were assigned to w- values and fictitious moisture contents. The water contents only serve as fictitious quantities in the allocation of the
measured w-values, which depends on the capillary water supply on site. With these fictitious water
con-tents and the RH values a fictitious humidification can be simulated. The results of ESEM contact
angles and RH measurements are shown in Table 15 [90], [91], [92], [93].

3.1.4.6 ESEM contact angles, correlated W-values, RH-values
In the following, the results of the data logger measurements in relation to the measured ESEM contact
angles and the w- values determined from the mathematical modelling are shown in diagram 6. The
border of the hydrophobicity is indicated by a w-value of 0.5 kg/m²√t and a contact angle of 90 ° [15],
[78]. As a result, it is found that the RH- values and ESEM contact angles, expressed as linear functions, are exactly retrograde. The macroscopically determined and computationally modelled associated
w-values, expressed as a linear function, are shifted parallel to the RH- values. This evaluation confirms
the evidence of the detection method which is described here.
Diagram 5:

Result of the contact angle measured in the ESEM
in relation to the data logger measurements and the
macroscopic w values.
The border of hydrophobicity is defined as θ = 90 °
and w = 0.5 Kg / m²√t
Source: Körber P.
[Attachment 13]

3.1.4.7 Correlations to the ESEM- contact angles
Diagram 6:
Inject agent IA 2_PL at the sample V1:
Result of the contact angles measured in the ESEM
in relation to the macroscopic w-values, the water
contents and the RH-values
Source: Körber P.
[Attachment 14]

In Fig. 7 the ESEM-contact angle measurements are shown as an example in relation to the macroscopic w- values calculated in the mathematical modelling using linear functions. Besides the fictitious
water contents are calculated, as well. The mathematical modelling of these data is calculated for each
individual injection agent. As a result of this consideration, the slopes of the functions (here negative)
are used to assess the extent to which congruences exist.
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3.1.4.8 Mathematical modelling
Figure 13:
a) & b): samples IA 2_PL_V:
relationships contact angle to
=> factor [A * √t]
=> w value, macroscopic,
expressed in linear functions,
Source Körber P.
[Attachment 15]

a)

b)

Figure 14:
Basis for the mathematical modelling
of w-values and fictitious water contents associated with the measured
ESEM contact angles using the example IA 2_PL_ V,
Source: Körber P.
[Attachment 16]

For the mathematical modelling linear functions were used. Based on the data obtained in stage 1, factors for the relationship between macroscopic contact angles and macroscopic w-values as well as for
the fictitious water contents can be determined, depending on the respective injection medium. In Fig.
13 and Fig. 14 it is shown the mathematical modelling as an example using the samples
IA 2_PL_ V.
With the data determined by the macroscopic tests in stage 1, w-values and fictitious water contents
can be calculated and assigned for the contact angles measured in the ESEM. In this way, the contact
angle measured in stage 2 in the ESEM can be correlated with the stage 1 data.
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Diagram 7:
Relationships contact angle
=> w- value
=> fictitious water content
=> RH- value,
the entire ESEM measuring program is shown,
Source: Körber P.
[Attachment 17]

Figure 15:

Mathematical determination of w-values and
water contents belonging to the
ESEM contact angles,
complete stage 2 ESEM measurement program,
source: Körber P.
[Attachment 18]

In diagram 8 it is shown the relationships between the ESEM contact angles and the calculated w- values, the calculated water contents and the measured RH- values. One can see the entire ESEM measuring program. The w- values express the altered capillarity of the material under investigation. With the
fictitious water contents, a humidity simulation can be carried out in connection with the RH- values in
the first stage of the detection method. With the help of this simulation, a three-dimensional image of a
fictitious moistening of the examined masonry areas can be shown. In the case of application, the threedimensional evaluation of the results is of great importance, as it can show the actual weak points of the
new sealing level. Based on this simulation, the sealing target, expressed in an improvement percentage, can be questioned. In diagram 8 it can also be seen that the w-values, which lie below the mark
0.5 kg / m²√t, have a contact angle of more than 90 ° [15], [78]. In this respect, the border of hydrophobicity / hydrophilicity used here is consistent.
The second stage of the detection method is based on the evaluation via correlated w-values. These
values can be assigned to the samples taken in graduated measuring axes. Here, a three-dimensional
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image of the changed capillarity, which is based on the measurement program, is also arising. In Fig. 15
the calculated w-values and fictitious water contents for the entire stage 2 measurement program based
on the ESEM contact angles are shown. The results for the w-values and the water contents were
mathematically calculated by using linear functions.

3.1.4.9 Matrix of the new test procedure
In Fig. 16 the sequence of the test procedure in a matrix for clarification is indicated.

F i g u r e 1 6 : Matrix for the detection method presented in this work, Source: Körber P. [Attachment 19]

4.

CONCLUSION, POSTGRADUATE RESEARCH INTERESTS

4.1

Conclusion

The new laboratory-based method for the detection of applied injection media, which is used for subsequent masonry sealing against rising damp, can demonstrate the altered capillarity of the masonry by
means of imaging techniques in the ESEM. The measurement is carried out in the ESEM mode of the
SEM by the dewing of samples that can be taken at the injection level and at reference points of the
masonry. The capillarity of the building materials is detected by means of contact angle measurement
on the dew drops produced in the ESEM [70], [71], [72], [73], [74], [75], [76], [77].
In the present series of tests, a total of 122 brick and mortar samples of various densities and different
degrees of moisture penetration were treated with three different hydrophobic and capillary narrowing
injection agents [94], [95], [96], [97].
In the first stage all samples were measured for macroscopic contact angles, w- values and fictitious
water uptake. In the second stage the ESEM contact angles were determined to selected samples.
A mathematical model was used to assign a w-value and a fictitious amount of water to each microscopic contact angle measured in the ESEM. These w- values can be used to evaluate the capillarity of
the respective sample according to the test matrix in Fig. 1, based on DIN EN 15148 and DIN EN 1062
T3 [15], [78]. The fictitious water contents and the RH- values can be processed in a 3D-moisture simu-
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lation. The new detection method for the effectiveness of injectables presented here has a practical
advantage. It is understood as a further development of existing procedures. In contrast to existing detection methods, the proof procedure shown here, allows that samples obtained locally with the aid of
mini core drillings being examined in the laboratory in a short time with a very small sample size. As a
result, a qualitative, geometrically differentiated picture of the effectiveness of the injection can be
shown on the basis of the detection method described here, both during the injection work and after the
work. In this way, the actual spread of the injection agent in the masonry is geometrically demonstrated
and the sealing success of the injection work can be confirmed. The accuracy of the detection method
described here is ± 3 ° with respect to the contact angles measured in the ESEM. Such accuracy is
considered sufficient for the use described here as a method of detecting the effectiveness of injectables.

4.2

Postgraduate research interests

In order to correlate the contact angles measured in the ESEM, it will be necessary in the future to set
up a database with macroscopically determined data, such as w-values, fictitious water contents and
RH- values, differentiated according to the injection means. For the measurements as part of the database the use of a standard masonry in a laboratory is recommended. However, the individual injection
agents and the degrees of moisture, as well as methods of injection are to be differentiated. As a result,
w-values and fictitious water contents can be assigned to the contact angles measured in the ESEM
according to the differentiation in compliance with the individual injection means. The values in the database can be reused for any similar ESEM measurement. With the results of the mathematical modelling, computer-assisted moisture simulations of the fictitious moisture penetration situation for the selected measuring field can be created in the future. The database can be used to prepare the ESEM
contact angle measurements for relevant (commercially available) injection agents and the evaluation
can quickly lead to results in the application case.
In the further development of the detection method presented here, in addition to the ESEM measurements, local contact angle rapid tests with handheld devices should be added in accordance with Fig.
17. In this way, additional rapid tests can be carried out on site. The results allow very early and very
quick using computer-aided contact angle measurements for to estimate the sealing success. On the
basis of such estimates, it is possible to react quickly to emerging error results by correcting the injection process. Appropriate devices are already available in the form of the Mobile Surface Analyzer, Fig.
17. [98]

F i g u r e 1 7 : Local use of contact angle measurement using the Mobile Surface Analyzer,
Source: Krüss [Attachment 20]

In the further development of the proof method, presented here, the analysis of the contact angles
measured in the ESEM can be carried out by means of a computer-aided tool in the future. There are
software solutions in which the 3D- image- analysis leads to a higher accuracy of the contact angle to
be measured. In this regard, it can be assumed that the accuracy of the contact angle measurement
could be increased to ± 1 °. [87], [88], [89]
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Appendix

1.

Publications of P. Körber in the context of this thesis

I.
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