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Abstract

Water repellent treatment can be applied to concrete structures in order to
achieve a variety of completely different aims. In this contribution the poten-
tial of water repellent treatment to act as an efficient, reliable and durable
chloride barrier will be investigated. As capillary suction is a powerful mech-
anism for transporting dissolved chlorides into the porous structure of con-
crete the influence of water repellent treatment on water up-take is first stud-
ied. Further it is shown that deep impregnation of concrete with silane of at
least 5 mm leads to a chloride barrier if the surface of concrete is exposed
to 3 % sodium chloride solution. A small amount of silane is sufficient to
reduce chloride penetration considerably. But below a critical amount of
water repellent agent chloride can penetrate through the impregnated sur-
face layer. Minimum values for the penetration depth of the agent are rec-
ommended. Further research is needed, however, in order to provide a solid
basis for a comprehensive reliability analysis of water repellent treatment of
concrete structures.
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1 Introduction

Reinforced concrete structures often are exposed to an aggressive environ-
ment. Under these conditions service-life can be limited by penetration of
chemical compounds such as CO,, or chloride through the concrete surface.
These compounds may react with the hydration products of Portland
cement or destroy the protective layer of reinforcement steel respectively.
As a consequence usually expensive repair measures are necessary at an
early stage. Chloride may enter the porous structure of concrete either by
diffusion or by capillary suction and in most cases by a combination of both
transport processes. Capillary suction is most effective if the surface of a
structural concrete element is directly exposed to seawater or during a win-
ter period to salt water after application of de-icing salts.

An effective water repellent surface treatment prevents capillary suction
nearly completely. In case the penetration depth of the water repellent agent
is sufficient chloride penetration may be reduced to a tolerable degree. It
has been shown earlier that the application of an integral water repellent
mortar can act as a reliable chloride barrier [1]. In another project surface
treatment with liquid silane of a quay wall has been applied in order to estab-
lish a chloride barrier [2]. Recently a preliminary version of a recommenda-
tion for the surface technology of water repellent treatment has been pub-
lished [3]. In this document requirements (deep impregnation) for an effec-
tive chloride barrier are formulated. The revised final version will be
available soon.

In the present contribution the capillary suction of four types of concrete has
been studied first. Then samples of all four types of concrete have been
treated with three different water repellent agents: liquid silane, silane
cream, and silane gel. The application technology has been varied in order
to obtain different penetration depth of the water repellent agents. One
major aim of these investigations has been to provide an experimental basis
for the definition of the minimal allowable penetration depth for an efficient
and durable chloride barrier.

2 Experimental

2.1 Preparation of concrete specimens

Four types of concrete with different water-cement ratios have been manu-
factured for the surface treatment with different water repellent agents.
Crushed aggregates with a maximum diameter of 25 mm and river sand with
a maximum diameter of 5 mm have been used as aggregates. Chinese ordi-
nary Portland cement (similar to Type CEM I) has been selected for this
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Table 1: Composition of the four types of concrete. Specific mass is indicated in

kg/m? throughout
Cement | Gravel Sand Water | W/C FA SP
Concrete A 380 1269 579 152 0.4 - +
Concrete B 320 1267 653 160 0.5 - -
Concrete C 300 1210 710 180 0.6 - -
Concrete D 256 1267 653 160 0.5 64 -

project. The exact composition of the different types of concrete is given in
Table 1. Concrete A has a low water-cement ratio of 0.4. In this case super
plasticizer (SP) has been added to maintain good workability. In concrete D
20 % of the Portland cement has been replaced by fly ash (FA). The real
water-cement ratio for concrete D is 0.625 and the water-binder ratio is 0.5.
Concrete D has been included in order to study the influence of fly ash on
capillary suction.

Concrete cubes with an edge length of 100 mm have been cast from all four
mixes. After two days they have been de-moulded and then stored in a
humid chamber at a temperature T of 20 = 3 C and a relative humidity RH
of nearly 100 % until an age of 14 days. At this age the concrete cubes have
been cut with a diamond saw into two halves from top to bottom. The two
halves have then been stored in the laboratory at a temperature of 20+ 3 C
and a relative humidity of approximately 50 % for another 42 days. At an age
of 56 days moulded surfaces of the half cubes (100 x 100 mm) have been
impregnated with the three types of water repellent agents under investiga-
tion. The four smaller surfaces (50 x 100 mm) have been sealed with wax
and the cut surface remained untreated.

2.2 Water repellent treatment

The moulded concrete surfaces of the half cubes have been treated with
three different water repellent agents. One series has been treated with lig-
uid silane. In this case the concrete surface was put in contact with the liquid
silane for selected periods of time. During these periods silane could be
absorbed by capillary suction. The amount of silane absorbed has been
determined gravimetrically [4]. Some samples have been treated a second
time after one week for one hour.

In a second and third series the moulded surfaces of sawn half cubes have
been treated with silane-based cream and gel. In [4] a short characterization
of the selected cream and gel is given. Different amounts of cream and gel
ranging from 100 to 600 g/m2 have been applied with a brush.
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2.3 Determination of capillary suction

Capillary suction of treated and untreated concrete has been measured by
a standard method [5]. In this case the untreated and treated surfaces of the
half cubes are placed in direct contact with water and the water absorbed by
capillary suction is measured by weighing the concrete specimens after dif-
ferent durations of contact (see also [4] and [6]). It has been shown that for
concrete the amount of water absorbed by capillary suction is linear if plot-
ted as function of the square root of time for a comparatively long time. From
the measured data the coefficient of capillary absorption A can be deter-
mined.

2.4 Determination of silicon resin and chloride profiles

Qualitative information on the penetration depth of the water repellent
agents can be obtained by spraying a freshly broken surface with tap water.
The surface of the water repellent material does not absorb the sprayed
water and therefore remains light as compared to the untreated material
which darkens remarkably when the surface near pores are getting water
filled. From five to ten individual measurements a mean value of the pene-
tration depth has been determined in this way. This simple optical method,
however, does not give us any information concerning the quantity of water
repellent agent in the porous structure nor does it tell us something about
the distribution of the active substance in the surface near zone. Therefore
a more sophisticated method has been applied in addition.

From the water repellent treated concrete specimens layers parallel to the
initial moulded surface and having a thickness of one mm each have been
milled by means of a specially built diamond milling cutter consecutively.
The powder obtained from this process was collected in small plastic bags.
Later the silicon content of these powder samples has been determined by
means of FT-IR spectroscopy. This method has been developed and further
refined for this specific application by A. Gerdes [7, 8].

In a similar way powder samples have been milled consecutively from
treated and untreated samples starting at the surface of concrete speci-
mens which have been exposed to salt solutions [9]. The chloride content of
the powder samples has been determined by means of ion-chromatography
[10, 11]. In this way chloride profiles as built up in treated and untreated con-
crete have been measured directly.
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3 Results and Discussion

3.1 Capillary suction of untreated concrete

Water absorption of the four different types of concrete has been measured
for a maximum duration of contact of 72 hours. Results obtained on different
untreated concrete samples are shown in Fig. 1. Points indicated in Fig. 1
are average values of at least three independent measurements.

A simple equation can be deduced theoretically to describe capillary
absorption as function of time as a first approximation. In equation (1) W
stands for the amount of water absorbed by capillary suction per unit of con-
tact surface and t for the duration of contact:

AW = At (1)
A is the coefficient of capillary suction. From Fig. 1 it can be seen that equa-
tion (1) describes the time dependence of capillary suction of concrete rea-
sonably well within the duration of contact under investigation. The coeffi-

cient of capillary suction A characterizes the capillary water uptake by the
porous structure of the different types of concrete. Values of A as obtained
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Figure 1: Water up-take by capillary suction of untreated concrete
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Table 2: Coefficients of capillary suction A of untreated and A’ of treated concrete.
Values of A and A’ are given in kg/(m? h/2)

Type of concrete wi/C A (untreated) A’(treated)
Concrete A 0,4 0.194 0.020
Concrete B 0.5 0.254 0.025
Concrete C 0.6 2.261 0.040
Concrete D 0.5 0.062 0.025

from the experimental results by linear regression are compiled in Table 2
and the corresponding linear functions are shown graphically in Fig. 1. It is
obvious that the concrete that contains fly ash has a comparatively small
coefficient of capillary suction. This observation can be explained by the
denser structure of the hardened cement paste that is formed when part of
the Portland cement is replaced by smaller particles of fly ash.

3.2 Capillary suction of water repellent concrete

Values A’ in Table 2 have been determined on concrete samples after water
repellent treatment. The surface of concrete has been treated with liquid
silane and with silane-based cream and gel. These values should not be
considered to be real coefficients of capillary suction, however. Water
uptake of water repellent concrete is due to water vapour migration through
the treated surface near zone and subsequent capillary condensation in the
untreated material. No liquid water is in fact taken up in this case. This
means that dissolved ions will not be transported into the porous structure
of the material.

The silicon resin profiles which were obtained in the surface near zone with
different application procedures has been measured by means of FT-IR
spectroscopy. Results are described elsewhere [12].

The experimentally determined amount of water that has been taken up by
the four different types of concrete after water repellent treatments is shown
in Fig 2. In this case the surface has been treated with liquid silane for one
hour, two and four hours followed by a second treatment of one additional
hour one week later. Identical specimens have been treated with three times
200 g/m?, with 400 plus 200 g/m? and with 600 g/m? at once of silane cream
and silane gel. Between individual surface treatments one week was
allowed for reaction of the water repellent agents. This type of surface treat-
ment is now called deep impregnation. The characteristic shape of the
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Figure 2: Uptake of water by the four different types of concrete after water repel-
lent treatment

curves shown in Fig. 2 can be explained by the different migration proc-
esses involved in water absorption of water repellent concrete.

3.3 Chloride profiles built up in untreated concrete

As the liquid water absorption is strongly reduced by water repellent treat-
ment it can be expected that penetration of dissolved ions such as chloride
shall be reduced too. In a first test series the surface of concrete samples
has been put in contact with a 3 % solution of sodium chloride for 28 days.
After this exposure time chloride profiles have been measured by means of
ion chromatography. Results are shown in Fig. 3.

From this figure we see that the chloride profile has a marked maximum at
a characteristic penetration depth and then decreases exponentially. The
observed distribution function is partly due to the fact that after the contact
between the surface of concrete and the sodium chloride solution is inter-
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Figure 3: Chloride profiles in three different types of concrete as observed after
direct contact of the surface with 3 % sodium chloride solution for
28 days

rupted chloride migrates to the surface where it is deposited as efflores-
cence. The shape of the distribution function changes if drying is prevented.

As it has been expected both the penetration depth and the up-taken
amount of chloride increase with increasing coefficient of capillary suction.
Measurement of capillary suction, for instance by means of the two chamber
suction apparatus [13], may help us to predict chloride penetration into a
given type of concrete.

3.4 Chloride profiles built up in water repellent concrete

In the next test series chloride penetration into water repellent concrete has
been determined. In this case three different types of concrete have been
impregnated first for one hour with liquid silane. The surface of concrete was
in contact with liquid silane for one hour. One week later the same treatment
has been repeated (1 + 1 h). Identical concrete samples have been coated
with 600 g/m2 of silane cream and a third group with 600 g/mz. After polym-
erisation the treated surface of the concrete samples has been put in con-
tact with a 3 % sodium chloride solution for 28 days. After this exposure to
chloride solution the chloride distribution in the surface near zone of con-
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Figure 4: Chloride penetration profiles of concrete with W/C = 0.4, 0.5, and 0.6
after water repellent treatment with liquid silane, silane cream and
silane gel. The chloride distribution as observed in untreated concrete
samples is shown again for comparison
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crete has been determined again. Results are compiled in Fig. 4. For com-
parison the chloride distribution of the untreated concrete as shown in Fig.
3 is shown in Fig. 4 once more. Chloride has penetrated into water repellent
concrete not deeper than 2.5 mm. This small penetration depth is practically
independent of the quality of concrete. The small amounts of chloride that
have been detected in the surface near zone are partly fixed at the surface
and partly entered coarse pores. We may conclude that deep water repel-
lent treatment provides concrete with an efficient chloride barrier.

3.5 Chloride profiles built up in slightly treated concrete

For economic reasons it is important to know the minimum amount of water
repellent agent necessary to be applied in order to establish an efficient, a
reliable, and a durable chloride barrier. For this reason in another test series
the amount of water repellent agent applied has been reduced substantially.
The contact time between the concrete surface and liquid silane has been
shortened to be 5 minutes instead of twice one hour. The applied amount of
silane cream and silane gel has been reduced to 100 g/m2 instead of
600 g/m?. After polymerisation the impregnated samples were exposed to a
3 % sodium chloride solution for 28 days. The chloride penetration profile
has been determined after this exposure period. Results are shown in Fig. 5.

Quite obviously penetration of chlorides is slowed down considerably even
by this comparatively small amount of water repellent agent. But even at a
depth of 5 mm penetrated chloride can still be observed. The penetration
depth of the water repellent agent certainly plays a decisive role. If the thick-
ness of the impregnated zone is less than 5 mm chloride can probably
migrate along the treated surface and penetrate deeper into the concrete by
diffusion [12]. Especially if we consider large surfaces with a statistical dis-
tribution of the penetration depth of chloride the latter surface treatment will
not provide us with a reliable and durable chloride barrier. With a small
amount of water repellent agent we can obtain a considerable reduction of
chloride ingress in an aggressive environment. This may be called a chlo-
ride brake but it is not an effective chloride barrier. In some cases this may
also be an interesting alternative to a chloride barrier.

More research is needed to establish a solid experimental basis for a prob-
abilistic analysis. As a first attempt we suggest that a minimum duration of
contact with liquid silane of one hour shall be allowed and a minimum of
400 g/m? of silane cream or silane gel shall be applied if a reliable chloride
barrier is to be established. But finally the penetration depth shall be the
decisive requirement that is to be respected [3].
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Figure 5: Chloride penetration profiles as observed in concrete treated with a
minimum amount of water repellent agent

4 Conclusions

It has been shown that water repellent treatment reduces capillary suction
of concrete considerably. The small amount of water that is still taken up by
water repellent concrete enters as water vapour. As a consequence this
transport mechanism cannot contribute to transport dissolved ions into the
porous structure. If the penetration depth of the water repellent agent is not
big enough small amounts of salt can probably migrate along the pore walls
and then diffuse deeper into the material. For an efficient, reliable and dura-
ble chloride barrier both the penetration depth of the agent and the amount
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of agent in the porous system are decisive. Further research is needed to
provide a solid basis of experimental data for a comprehensive reliability
assessment of water repellent treatment of concrete structures.
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