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OPENING OF MICROCRACKS AND AIR PERMEABILITY IN CONCRETE
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Abstract. The aim of this paper is to evaluate the suitability of the Torrent method of determining air permeability of
concrete for an approximate assessment of damage to the surface layer of concrete caused by microcracks. The com-
bined measurement of deformation and air permeability by means of Torrent method and of the width of microcracks
on the tested concrete cubes during loading in the splitting tensile test contributed to the clarification of certain facts.
The use of Torrent method seems to be more suitable in reinforced concretes where it is possible to anticipate a slower
opening of cracks during the increase of load. In spite of that, the testing of these concretes is limited by the maximum
dimensions of cracks, i.e. 0.075-0.1 mm in the width and 60 mm in the length. Exceeding these limit dimensions causes
a massive decrease in vacuum and subsequent separation of the adhering bell of the Torrent tester.
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Introduction

The quality of construction work is nowadays assessed
on the basis of three characteristics: load-bearing capac-
ity, serviceability and useful life. An objective assess-
ment of useful life, or durability, is based on a number
of the so-called durability characteristics (Adamek et al.
2009; Matousek, Drochytka 1998). They are determined
by means of testing methods which examine the surface
layer of concrete (cover concrete — “covercrete’) with
a thickness of 30-50 mm (Claisse et al. 1997; Wang,
Hutchinson 2005; Kamaitis 2008). The permeability of
concrete is directly dependent on the system of pores and
cracks (Li et al. 2011) and it is influenced by many as-
pects — selection of materials, design of fresh concrete
composition, its placement, compaction, and influence
of an extreme load (Pavlik et al. 2007). Due to various
influences, the cracks in concrete mutually interconnect
and thus increase its resulting permeability (Aldea ef al.
1999; Stehlik et al. 2005; Claisse et al. 2009; Akhavan
et al. 2012).

The aim of this research is to test the applicability
of the Torrent method of measuring air permeability of
concrete surface layer for the determination of the degree
of damage in the surface layer of concrete caused by mi-
crocracks (Romer 2005). Standard concrete cubes were
subjected to the splitting tensile test (compressive force
works diagonally on the cube) with a simultaneous moni-
toring of longitudinal and lateral deformations and air
permeability (Berg, Rozkov 1968; Hoseini et al. 2009).

The direction of the present research was influenced to
a large extent by the results of the work by a collective
of authors in Stehlik ez al. (2005). Here it was observed
that the destruction (splitting) of the concrete cube occurs
suddenly at the end of the tensile splitting strength test
and it therefore does not allow for a continuous detailed
measurement of the permeability coefficients & in the
range of 90 to 100% of the maximum load. However,
according to Lim ef al. (2000), microckracks begin to
originate or open when the linear state of stress achieves
90% of the specimen’s compressive strength, but accord-
ing to Berg and Rozkov (1968), as early as at 15-45% —
the limit of origination of the first damage. In order to
carry out a successful research into the dependence of
permeability coefficient, load / total width of cracks, we
proposed the reinforcement of concrete cube according to
Reinhardt and Jooss (2003). This reinforcement was aimed
to prolong, during the determination of splitting tensile
strength, the time interval of the origination and open-
ing of microcracks (up to the width of approx. 0.1 mm)
and thus to allow for a detailed measurement of perme-
ability using the Torrent apparatus. The method of tensile
loading of the cubes was selected on purpose because
it enables the controlled origination and development of
microcracks due to the induced tensile stress in concrete
(Joktibaitis 2007; Kaklauskas et al. 2012).

Similar issues have already been dealt with by sev-
eral authors but nobody has so far made an attempt to
use the Torrent method of determining air permeability
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Fig. 1. Spatial arrangement of reinforcement

for the indication of damage to concrete caused by mi-
crocracks. For example Robins ef al. (2001) studied the
development of microckracks in the steel fibre reinforced
concrete in bending, Aldea et al. (1999) studied the de-
pendence between the cracking and permeability of con-
crete, Wang et al. (1997) generated cracks in concrete
by means of feedback controlled splitting test and influ-
enced thus its permeability. Yi ef al. (2011) focused on
the study of influence of the hydraulic pressure and width
of microcracks on the permeability of concrete. Other
authors evaluated the change in concrete permeability in
relation to the width and coarseness of the crack surface
(Akhavan et al. 2012), in relation to the change in the
state of stress of concrete (Hoseini et al. 2009) and to the
density and interconnection of cracks (Zhou et al. 2011).

1. Materials and methods
1.1. Materials

The reinforcement (Fig. 1) determined for the transfer of
tensile strength in the concrete cube caused by splitting
load was made of structural steel 10 216 @ 5.5 mm. Two
squares with the length of a side equal 90 mm, bent from
this round steel @ 5.5 mm, were mutually stabilized by
binding bars of @ 1 mm at a distance of 50 mm. The rein-
forcement was moreover equipped with distance bars to
maintain a constant distance from the shell of the mould
during vibration (Fig. 2).

For the manufacture of test specimens, two formula-
tions of a high-quality concrete for massive constructions
were designed. Formulation A (Table 1) contains only
the dense component of the coarse aggregate with frac-
tion 4-8 mm. The mixing of fine (0—4 mm) and coarse
(4-8 mm) fraction of natural dense aggregate was de-
termined approximately by the ratio of 1:2. A highly
effective plasticizer polycarboxylate, suitable for the
manufacture of transport concrete and pumped concrete,
was added in the volume of 1.1% of the cement mass per
1 m? of concrete. Admixture of fly ash (from a power
plant, CR, spec. surface 240 m%/kg) was dosed at the
amount of 4.5% and microsilica (metallurgical flue dust,

Fig. 2. Arrangement of reinforcement in polymer mould

Table 1. Formulation A

Formulation per

1 m3 MU Quantity
Natural dense agg. 3 0.44
4-8 mm (1100 kg)
I(;Ijurr;lndense agg. ke/m? 540
CEM 1/42,5 R kg/m? 450
Fly ash kg/m3 20
Microsilica kg/m3 40
Polycarboxylate kg/m3 5
Water 1 227.52
Water/cement ratio - 0.41

spec. surface 2350 m2/kg) in the volume of 9% of the
cement mass per 1 m3 of concrete (in Table 1 quantities
of additives and admixtures are given in kg per 1 m?
of fresh concrete). These admixtures helped improve the
hydration and physical-mechanical properties of fresh
and hardened concrete. Slump class of the fresh concrete
mixture prepared in a concrete mixer with forced mix-
ing cycle was equal to S3 (slump 100-150 mm accord-
ing to CSN EN 4103). According to Formulation A, we
made three test cubes (150%150x150 mm) of reinforced
concrete (marked R-D, reinforced-dense concrete) with
reinforcement according to Figure 2, and six test cubes
of plain concrete (marked D, dense concrete). Formula-
tion B (Table 2) contains, apart from dense coarse aggre-
gate 4-8 mm, also round lightweight silicate aggregate
of fraction 4-8 mm from expanded clay (bulk weight
350 kg/m3). The doses and properties of the remaining
ingredients of concrete for Formulation B correspond to
the above described Formulation A. According to For-
mulation B we again made three test cubes of reinforced
structural lightweight concrete (marked R-L, reinforced-
lightweight concrete), and six test cubes of unreinforced
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structural lightweight concrete (marked L). The resulting
strengths of both triplets of unreinforced concrete cubes
after 28 days of moist curing are shown in Table 3.
Considering the large volume of measurements
(9 concrete cubes) and considering the comparability of
measured results, two pairs of cubes were chosen for
the purpose of presenting the dependence between the
permeability coefficient and load / total width of cracks.
They were made from Formulation A — pair R1-D (rein-
forced concrete) and 3-D (plain concrete), and from For-
mulation B — pair R1-L (reinforced structural lightweight
concrete) and 3-L (structural lightweight concrete).

1.2. Methods

The linear state of stress of the concrete cube with the
dimensions of 150/150/150 mm was achieved by its di-
agonal loading between the compression plates of the
hydraulic press in accordance with the recommenda-
tion of CSN EN 12390-6 Testing hardened concrete —
Part 6: Splitting tensile strength of test specimens, see
Figure 3.

The incipient longitudinal (g,,) and transverse
(&rans) deformations of the cube were measured at each
stage of loading by means of Hollan mechanical contact
deformeter. This device is made of pairs of disks attached
to the angular points of concrete cube faces (Fig. 3).
The change in permeability in one face of the concrete
cube was measured at the selected stages of loading
by means of an apparatus for testing air permeability —
Torrent permeability tester (Fig. 4). We created vacuum
on the concrete surface under the bell by means of the
vacuum pump (Fig. 5) and measured the flow of air from
the concrete cube to the measuring device over a time
interval set in advance. The air current decreased the
achieved value of the vacuum — see Fig. 4. The width
of microcracks was identified and measured by means
of the optical microscope with a maximum precision of
0.005 mm (Fig. 6).

Table 2. Formulation B

Formulation per 1 m? MU Quantity
Natural dense agg. 3 0.11
4-8 mm (275 kg)
Lightweight agg. 0.33
(expanded clay) m3

48 mm (3168 ke)
Natural dense agg. 3

0-4 mm kg/m 540
CEM /42,5 R kg/m3 450
Fly ash kg/m3 20
Microsilica kg/m3 40
Polycarboxylate kg/m3 5
Water 1 227.52
Water/cement ratio - 0.41

The purposeful combination of cubes of the same
formulation with and without reinforcement was aimed
at confirmation of the positive influence of reinforcement
on the deceleration of the opening of cracks during the
splitting tensile test. Each individual cube was placed
diagonally between the duralumin angle bars propped
against the pressure plates of the hydraulic press (Fig. 4).
At each stage of loading, deformations were read, and
at the selected points we determined both the concrete
permeability coefficient ky using the Torrent appara-
tus, and identified the origination, number and width
of microcracks by means of the optical microscope. All
the four cubes were loaded step by step from the lower
limit corresponding to 1/10 of the anticipated load bear-
ing capacity. In the course of adding load, the previous
load was always increased by 20 kN. After achieving
50-60% of load from the maximum, we carried out the
cycling from the given loading stage to the lower limit
up to the moment of falling off of the vacuum bell of
the Torrent apparatus on one of the faces of the tested
concrete cube (crack width > 0.05 to 1.00 mm). Then
we continued the gradual regular adding of load up to
the moment of the loss of the load-bearing capacity of
the concrete cube.

2. Results and discussion

The following two figures (Figs 7 and 8) show the pro-
cess of deformation of the four concrete cubes during
the above described loading in the splitting tensile test.
The deformation diagrams of the two cubes made from
the same formulation are combined in such a way that
the impact of reinforcement on the deformations in pro-
gress becomes apparent. The red (Fig. 7) and purple
(Fig. 8) deformation curve represent the reinforced con-
crete cubes, the green and blue curves representing the
cubes made of unreinforced concrete.

Both pairs of deformation diagrams of concrete
cubes are very similar, therefore, the relative deforma-
tions of cubes made of unreinforced and reinforced con-
crete and those of cubes made of structural lightweight
concrete with reinforcement and without it are not mark-
edly different. However, the assessment of impact of the
additional tension reinforcement is more complicated.
The reinforcement decreases, up to approximately 70%
of the maximum load, the values of both longitudinal

Table 3. Average strength of concrete specimens from
Formulations A and B after 28 days in moist environment

Stl:: lligillrég Compressive 28 days
Formulation strength strength volume mass
(MPa.) (MPa) (kg/m?)
?’ . 4.8 65.6 2233
specimens
B, 2.9 48.0 1800

3 specimens
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Fig. 3. Splitting tensile strength test in hydraulic press
machine with a range of 40 tons

Fig. 5. Suction of air through cracked concrete with Torrent
vacuum bell

and transverse deformation by 30%. During further load-
ing the cube suddenly breaks and the deformation val-
ues increase abruptly. But the broken cube has, due to
the tension reinforcement, an approximately one third
reserve to achieving the load-bearing capacity (see red
and purple curve in Figs 7 and 8). In the case of load-
ing the cubes of unreinforced concrete the moment of
damage (breakage) occurs at the moment of achieving
the load-bearing capacity (See green and blue curve in
Figs 7 and 8). Figures 9 and 10 present the measured
dependence of the permeability coefficient kt on the rela-
tive transverse deformation (g,,,)- It is apparent from
both pairs of graphs that at a load of over approx. 30%
of the estimated splitting tensile strength and at the corre-
sponding relative deformation, the values of permeability
coefficients in the reinforced cubes of both formulations
are lower than those in the cubes without reinforcement.
These results confirm the ability of the reinforcement to
transmit part of the tensile strength in the concrete cube
during the splitting tensile test and thus to decrease the
total number and width of microcracks.

Fig. 4. Full set of Torrent permeability tester

Fig. 6. Microcracks detection with optical microscope

The searched dependence of the permeability coef-
ficient ky and the load on the total width of cracks is rep-
resented in Figure 11 for Formulation A and in Figure 12
for Formulation B. On the grounds of the objective as-
sessment of the quantity and width of microcracks in the
specimen of concrete under increasing load, the notion
of “total width of cracks” was introduced as a plain sum
of maximum widths of all cracks identified by both the
microscope and the naked eye. From the comparison of
corresponding dependencies in both formulations it is ap-
parent that for future possible determination of correla-
tion dependence of permeability coefficient / total width
of cracks it is more suitable to test cubes reinforced with
steel. In these the reinforcement slows down the opening
of microcracks for a certain time interval (in the range of
approx. 70-90% of the maximum load in the reinforced
cubes) and thus prolongs the interval of measurability of
concrete permeability using the Torrent apparatus. In both
graphs (Figs 11 and 12) this different interval of meas-
urability is represented by a different length of the red
(purple) and green (blue) curve in the tested dependence
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Relative longitudinal and transversal
deformation of concrete cube R1-D and

3-D by splitting tensile strength test
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Fig. 7. Stress-strain diagram of concrete cube R1-D and 3-D
under splitting tensile strength test

Change in coefficient of permeability kr of
concrete cube R1-D (red curve) and
3-D (green curve) by splitting tensile strength test
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Fig. 9. Dependence of kT/i for concrete cube R1-D
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trans

of the permeability coefficient / total width of cracks. 1t is
also apparent that the cube made of structural lightweight
concrete is more liable to deformation, the first cracks
appearing at a 25% load of the maximum load, contrary
to the 55% in the case of mass concrete made of dense
aggregate. This also corresponds with the measured, ap-
proximately 5-fold values of permeability coefficients
kt in structural lightweight concretes (also reinforced)
compared to the mass concrete and reinforced concrete.

Relative longitudinal and transversal
deformation of concrete cube R1-L and
100 3-L by splitting tensile strength test
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Fig. 8. Stress-strain diagram of concrete cube R1-L and 3-L
under splitting tensile strength test

Change in coefficient of permeability kr of
concrete cube R1-L (purle curve) and
3-L (blue curve) by splitting tensile strength test
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Fig. 10. Dependence of K/l for concrete cube R1-L
and 3-L

The comparison of graphs from Figures 11 and 12 brings
one more interesting finding: the upper range of measur-
ability of the permeability of unreinforced concrete using
the Torrent method is limited by 85% of load in both for-
mulations, in the reinforced concrete by 95% load of the
maximum. However, it is necessary to note that tension
reinforcement of the concrete cube increases the ultimate
strength in the splitting tensile test by 1/3, compared with
the unreinforced concrete.
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Coefficient of permeability kr and per cent of
load from maximum depending on the total
width of cracks in cube R1-D and 3-D
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Fig. 11. Monitored dependencies on concrete cube R1-D
and 3-D

By a combined measurement of deformation, per-
meability using the Torrent method and of the number
and width of microcracks by microscope on the cubes
during the selected stages of loading, the following facts
were found out:

a) Tension reinforcement in the concrete cube does not
prevent longitudinal splitting of the cube in the Gre-
noble test but increases the splitting tensile strength
by approx. 1/3;

b) Due to the above mentioned facts a) and b) the ten-
sion reinforcement increases the measurability range
of the permeability coefficient ky of the concrete
cube during the Grenoble test;

¢) During the loading of cubes (both reinforced and
unreinforced) up to approx. 30% of the maximum
load it is possible to observe a decrease in the
permeability coefficients ky caused by the initial
compression of the specimens; during their further
loading, the permeability coefficients k are begin-
ning to increase;

d) The moment of the beginning of increase in the coef-
ficient kt coincides with the beginning of origination
and development of microcracks, which corresponds
to the load of approx. 25% of the maximum in the
structural lightweight concrete (both reinforced and
unreinforced) and to approx. 55% of the maximum
load in the plain and reinforced concrete;

Coefficient of permeability kr and per cent of
load from maximum depending on the total
width of cracks in cube R1-L and 3-L
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Fig. 12. Monitored dependencies on concrete cube R1-L
and 3-L

e) The permeability coefficients ky of the cubes made
of structural lightweight concrete (both reinforced
and unreinforced) achieve values five times higher
in comparison with those of the plain and rein-
forced concrete; deformation characteristics are, on
the other hand, very similar;

f) By optical microscope it is possible to identify
cracks with a minimum width of 0.005 mm theo-
retically. Cracks with a minimum width of 0.01 mm
were identified practically in the tested cubes of the
two formulations according to d);

g) The maximum width of a microcrack at which
it is possible to determine the permeability co-
efficient kr using the Torrent method equals
0.075-0.1 mm. In case of a greater width of the mi-
crocrack, its length usually exceeds the limit value
of 60 mm. This value is given by an interior diam-
eter of the vacuum bell of the Torrent tester and if
it is exceeded, the vacuum inside the bell sticking
to the cube decreases and the bell falls off due to
gravitation.

Conclusions

The non-destructive Torrent method for determining
the air permeability coefficient of the surface layer of
concrete (30—50 mm in depth), can be successfully used
also for the evaluation of damage to concrete caused by
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microcracks. The obtained research results confirm the
possibility of using the Torrent method, however, with
a number of instrument limitations as well as physical-
mechanical limitations. The limiting dimensions (width,
length) of the originating microcracks seem to be the
most important limitation. If these are exceeded, the
vacuum in the Torrent tester bell is threatened by a
strong stream of external air through the crack. The ex-
tent of measurability of the permeability coefficient is,
on the contrary, substantially increased by tension rein-
forcement which decreases both longitudinal and lateral
deformation of the concrete cubes by up to 1/3. This
decrease in deformations finally contributes to limiting
the origination and opening of microcracks. A rough de-
termination of the extent of damage by means of Torrent
tester can be favourably done from the correlation de-
pendence in Figures 11 and 12 permeability coefficient /
total width of cracks (or possibly a degree of surface
damage to concrete) for ordinary and lightweight con-
crete. The x axis, however, does not define the width and
length of cracks but the technologically more advanta-
geous (fast progression of measurement, exclusive use
of optical microscope) total width of cracks. The width
is limited by 7 mm in case of structural lightweight con-
crete, and 10 mm in case of unreinforced concrete. In
order to determine a more precise correlation depend-
ence of permeability coefficient / total width of cracks
it would be necessary to extend the spectrum of tested
concretes.
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