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Abstract

In practice, water repellent impregnation has been established as an cffec-
tive surface prolection systent against water and de-icing salt attack. Cracks
in concrete, whether impregnated by a hydrophobing treatment or not, arc¢
unavoidable and can therefore lead to sertous damage. In absorption tests
on laboratory samples, the significant influence of cracks on the penetration
behaviour of capillary water has been determined and quantified. The ex-
perimental results show that the water uptake depends on the crack width
and the penetration depth of the water repellent agent. There exists a maxi-
mum threshold crack width depending on the penetration depth of the water
repellent agent which can maintain the waitcr repellent behaviour. Finally
practical conclusions of the present work are drawn.
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1 Introduction

Reinforced concrete structures which are subject to de-icing salt applhica-
tions or located in marine environments are likely, after a certain period of
exposure, to exhibit signs of distress due to ingress of chlorides and the cor-
rosion of the reinforcing steel. This normally becomes apparent with the
formation of cracks, frequently accompanied by rust staining and ultimately
spailing of the concrete cover.

There are various methods of protecting and repairing concrete. The se-
lection of a method depends on a large number of factors, c.g. the degree of
damagge, the design life, costs of repair, application methods. In practice, hy-
drophobing impregnation has been cstablished as an effective surface pro-
tection system against water and de-icing salt attack [1-4]. Cracks in
concrete, whether impregnated by a hydrophobing treatment or not, are un-
avoidable and can thercfore lead to damage [1].

In this paper results of absorption tests on laboratory samples are pre-
sented. The significant influences of cracks on the penetration behaviour of
capillary water have been delermined and quantificd.

2 Experimental

An experimental programme was undertaken to obtain absorption data for
standard concrete and water repellent concrete with cracks. The influences
of crack type, crack width and penetration depth of the hydrophobing agent
were determined. In this paper the investigation of the influence of crack
width and penetration depth of the hydrophobing agent will be presented
only. All results were given in [1]. The concrete mix used is detailed 1n
Table 1.

The concrete samples were reinforced with a steel type 'S‘i(}{)b 6 mm
diameter, and they had with following dimensions, 50x300x150 mm?. Three
different hydrophobing agents were used to impregnate one surtace of the
sample before absorption testing. The hydrophobing agents and the proper-
ties are detailed in Table 2. Afterwards, in the water repellent surface, cracks
with a width of of 0.2 mm, 0.4 mm and 0.8 mm were created by a 3-point
bending test. Details of the experimental sct-ups are amply described in [1].
Figure 1 shows a schematic illustration of the geometry of the sample.
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For absorption testing water repellent samples with the dimensions
50x200x 150 mm?> were prepared. The surface in contact with fluid was 50 x

Tahle 1: Composition of the standard concrete

. sand and
water/cement ratio cement content water content gravel
; 3 3
[l [kg/m®] [kg/m’] kg/m3]
¢.50 350 175 1887

Table 2: Some details of the hydrophobing agents

no. type of hydrophobing

agent active substance mean penetration
-1 %_] [%] depth s [mm]

1 siloxan 7.5 25

2 silan 40 5.0

3 silan 100 75

reinforced steel
S500b, o =6 mm

\ crack
e

§ c=35mm

150 rmm

concrete piece,
™ " which is cut

/ after cracking

Hij 300 mm 50 mm

concrete sample

surface in contact with water

Figure 1: Schematic illustration of the geometry of the sample
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200 mm?. The samples were stored at 20°C and 75% R.H. Further details of
the conditioning are given in [1]. Before capillary suction started, four faces
of the sample were sealed with a dense polymer, while the two end faces re~
mained {ree. This ensured 1-dimensional movement of moisture.

Vertical absorption test were performed with tap water. Samples were
tested over a 24-hour absorption period. A computer-controlicd weighing
was used to determine the water gain. Details of the experimental set-ups are
amply described in {3].

3 Results

Concrete samples with different impregnalion depths without crack and
with bending cracks were investigated. The crack width was 0.2 mm, 0.4
mm and 0.8 mm; the crack length was between 130 mm and 150 mm. The
penctration depth of the hydrophobing agent was 2.5 mm, 5.0 mm and 7.5
mm. In Figures 2 - 4 the water gain as a function of the square root of time
is given for the three concrete samples with different water repellent treat-
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Figure 2: Water gain as function of square root of time for water repellent
concrete with no crack and different crack widths. The penetration depth of the
hydrophobing agentis 2.5 mm.
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Figure 3: Water gain as function of square root of time for water repellent
concrete with no crack and different crack widths. The penetration depth of the
hydrephebing agent is 5.0 mm.
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Figure 4: Water gain as function of square root of time for water repelient
concrete with no crack and different crack widths. The penetraiion depth of the
hydrophobing agent is 7.5 mm.
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ment. Mean values of experimental data from three samples arc represented
with different markers. The dotted line is calculated by linear regression
according to DIN 52617 [6].

The experimental results show that the water uptake depends on the
crack width and the penetration depth of the hydrophobing agent. in general
with increasing crack width and decreasing penetration depth of the hydro-
phobing agent a higher water gain can be expected.

Cracks with a width up to 0.2 mm in waler repellent concrete with a
penctration depth of the hydrophobing agent of 2.5 mm result in a dramatical
increase of water uptake comparing to water repelient concrete with no
crack. Here, water repellent concrete with a crack width of 0.8 mm shows
the same penetration behaviour as an identical concrete without hydrophob-
ing treatment and no crack. Furthermore, it has been shown that water repel -
lent concrete with crack width of 0.8 mm can not prevent the water uptake
for a long time. At a penetration depth of 5.0 mm and 7.5 mm, an increase of
water uptake has been determined with a crack width of 0.8 mm.

Table 3 gives the statistical relations of Figures 2 to 4. The slope of the
dotted lines in these figures were used to calculate the water absorption ¢o-
efficients. These are shown in column 3 of Table 3.

Table 3: Compilation of the water absorption coefficients of water repellent
concrete with different penetration depths of the hydrophobing agent and different
crack widths

penetration depthof  crack width of abending  water absorption

the hydrophobing crack in the water coefficient
agent s [mm] repellent surface w [mm] A [kg/m?-h®5)
] 0.024
0.2 0.078
25 0.4 0.116
0.8 0.288
0 0.023
0.2 0.028
50 0.4 0.032
0.8 0.106"
o 0 0.023
0.2 0.024
75 0.4 0.028
0.8 0.053

*Water absorption coefficient was calculated based on the results
between 8 and 24 hours

e L
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4 Discussion

It has been shown, that the penetration behaviour of water repellent con-
crete with cracks 1s influenced mainly by the penetration depth of the
hydrophobing agent. In Figure 5 the relationship between water absorption
coefficient and crack width is given. An exponential function is used for the
malhematical description of the water absorption coefficieni with increas-
ing crack width.

A:AU,hyd.'eB-w (1)

where A s the water absorption coefficient of water repellent concrete with
a crack width w, Ag g4 is the water absorption coefficient {or water repel-
lent concrete with no crack, w is the crack width and [ is the deviation coef-
ficient.

The best fit of Equation (1) and experimental results is represented by
dotted lines (Fig. 5) and shows a good correlation. Additionally the threshold
value of the water absorption coefficient according to DIN 18350 [7] is in-
dicated. Paints with a water absorption coefficient A < 0.1 kg/m*h"-3) ure
characterized as watertight.

In Figure 6 the rclationship between the water absorption cocfficient
and the penetration depth of the hydrophobing agent is given. An exponen-
tial function is used for the mathematical description again,
-8

A=Agnya. + (Aguk — Agpya ) e (2)
where A, 18 the water absorption coefficient for concrete without
hydrophobing treatment and with cracks, s is the penetration depth of the
hydrophobing agent and v is the deviation cocfficicnt.

Lquation (2) with fitted parameters is represented by dotted lines in
Fig. 6 and shows a good correlation. Additionally, the threshold value of the
water absorption coefficient according to DIN 18550 [7] is drawn. For water
repellent concrete this value is more general. In practice, a water absorption
coefficient A <0.50 kgi(mz-hU'S) is often used. Based on this value and over
a period of 24 hours, the penetration bebaviour of water repellent concrete
with a crack width w £0.4 mm and a penetration depth of the hydrophobing
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Figure 5: Water absorption coefficient A as a function of crack width wfor water
repellent concrete with different penetration depths of the hydrophobing agent

agent of scveral millimetres is very similar to a water repellent concrete
without cracks.

Franke and Bentrup [8] have investigated the influence of cracks in wa-
ter repellent masonry on the protection against driving rain. They found that
the hydrophobing effect is maintained over the total service life if the crack
width is lower than 0.5 mm .

It seems that there exists a maximum threshold crack width depending
on the penetration depth of the hydrophobing agent which can maintain the
hydrophobing behaviour at the surface. In Figure 7 the relationship between
the water absorption coefficient and the ratio of crack width to penetration
depth of the hydrophobing agent is given. Here too, an exponential function
is used, which describes the characteristic behaviour of the material.

A=Agpyg. e (3)

where A is the water absorption coefficient for cracked water repellent con-
crete, Ag pyq. is the water absorption coefficient for water repellent concrete
without crack, w is the crack width, s is the penetration depth of the hydro-
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Figure 6: Water absorption coefficient as a function of penetration depth of the
hydrophobing agent for concrete with different crack widths

phobing agent and & is the deviation coefficient. In [1] the value of & has
heen determined experimentally to be 8.6.

Equation (3) with the fitted parameters is represented by a dotted line
and shows a good correlation. Additionally, the threshold value of the water
absorption coefficient according to DIN 18550 [7] and the value of a stan-
dard concrete without hydrophobing treatment and no crack are shown.

Figure 8 gives a simplified illustration of water uptake into water repel-
Jent concrete with cracks. The moisture transport can be divided into two
transport mechanism - water vapour diffusion and capillary water transport.
This process can be explained, in the simplified way by three steps.

* Step 1 (Fig. 8, top): The water repellent concrete with a crack is in
contact with moisture from the air. Depending on the relative
humidity, water molecules are condensed on the surface of the
edges of the crack behind the water repellent zone.

* Step 2 (Fig. 8, middle): The water repellent concrete with a crack
is in contact with water. This water cannot penetrate into the crack
directly, because the surface s water repellent. The crack mouth is
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Figure 7: Water absorption coefficient as a function of the crack width /
penetration depth ratio

now in contact with 100% R.H. and therefore more water mole-
cules are condensed in the crack behind the water repellent zone.
With increasing wetting-time a closed water film is created and
even capillary condensation may take place. It should be noted
here that the driving rain and wind pressurc may push water
through the water repellent zone.

« Step 3 (Fig. 8, bottom): The closed water film grows and expands
across the surface. Depending on the penetration depth of the
hydrophobing agent, a link between the water behind the water
repellent zone and the water on the surface can be established. If
this water link is built up, the edges of the crack without hydro-
phobing treatment are in direct contact with water. Capillary suc-
tion starts immediately. In this way salt solutions are als able to
penetrate through the water repellent zone.
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Figure 8: Schematic illustration of water uptake into water repellent surface
treated concrete with cracks,
step 1 {top): water repellent concrete in contact with moisture from the
air,
step 2 (middle); water repellent concrete in contact with water {wetting),
step 3 (bottom): water uptake of water repellent concrete through the
impregnated zone
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5 Conclusions

The work outlined in this paper represcnts only part of a much wider
rescarch programme [1]. To this project the influence of cracks in concrete
without hydrophobing treatment and water repellent concrete has been eval-

uated. The following conclusions can be drawn:

» Capillary suction has a decisive influence on the durability of con-
crete, especially regarding the resistance to chloride ngress.

« Increasing of capillary suction can results from:
a.) cracks {especially regarding separation cracks) caused by
direct loading or resulting from imposed deformations
(hygral and thermal dilatation).

b.) microcracks caused by no or inefficient curing.

« Cracks in water repellent concrete structures have to be consid-
ered separatcly.

« A maximum threshold crack width depending on the penetration
depth of the hydrophobing agent exists which can maintain the
hydrophobing behaviour.

« A functional corrclation between the water absorption coefficient
and the ratio of crack width to penetration depth of the hydrophob-
ing agent is determined, which describes the penetration behav-
iour of water repellent concrete with cracks.

» Usual penetration depths of the hydrophobing agent of 2-3 mm in
practice can not prevent a capillary transport of water and salt into
cracks with width up to 0.2 mm over a long period of time.
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