Research Article

ISSN 2832-9384

Journal of Materials and Polymer Science

Effect of Compressive Loads on the Air-Permeability kT of Concrete

R.J. Torrent”, M. Paderi' and C. Paglia’

ISUPSI, Univ. of Southern Switzerland, CH-6850 Mendrisio,
Switzerland.

’Materials Advanced Services Ltd., CH-6877 Coldrerio,
Switzerland, C1425ABV

*Correspondence authors
C. Paglia,

SUPSI,

Univ. of Southern Switzerland,
CH-6850 Mendrisio,
Switzerland.

R.J. Torrent,

Materials Advanced Services Ltd.,
CH-6877 Coldrerio, Switzerland,
C1425ABYV Buenos Aires,
Argentina.

Submitted : 11 Apr 2023 ; Published : 24 May 2023

Citation : Torrent R. et al (2023). Effect of Compressive Loads on the Air-Permeability kT of Concrete. J mate poly sci, 3(2): 1-7.

Abstract

Since long it has been claimed that the departure from linearity of the o-¢ relation for concrete, up to failure
under compression, is the result of cracks formation, first along the aggregate-paste interface, which later bridge
the aggregates until, at around 75-80% of the maximum load (critical stress level), the matrix cracks become
unstable, such that if that load is sustained, fracture will happen after a certain period (due to tertiary creep). This
fact has been verified measuring volumetric strains, acoustic emission and ultrasound. The presence, growth and
opening of such cracks must have an effect on the permeability of concrete, which was confirmed by water- and
gas-permeability tests. The phenomenon was also studied applying a standard NDT method for air-permeability,
based on a double-chamber vacuum cell, same as applied in the here reported research. This paper reports results
of air-permeability kT of concrete cubes and half-cubes subjected to the following loading conditions: unloaded,
sustained loads of 30, 60 and 90% of the ultimate load (measuring kT under the applied static load and the residual
value after removing it) and dynamically during a test with monotonically increasing load till failure. The results
indicate that a certain degree of damage, reflected in an increase of kT, is noticeably already at a 30% load level,
which increases with the level of applied load. The dynamic kT tests were somewhat erratic, possibly, depending

on whether the damage happened near or away from the surface where kT was measured.

Introduction

Since long it has been claimed that the departure from linearity
of the o-¢ relation for concrete, up to failure under compressive
load, is the result of cracks formation (Hsu et al, 1963; Shah &
Slate, 1968; Newman & Newman, 1971).

In a test under monotonically increasing compressive load,
initially, up to = 30% of the ultimate load, the c-¢ relation
is quasi-linear (this is the region where, typically the elastic
modulus is measured) and the behaviour of the material is
quasi-elastic; i.e., if the specimen is unloaded from this load
level, no noticeable residual deformations are measured. At
higher levels of load, cracks begin to develop and grow in the
material, first along the aggregate-paste interface, later bridging
the aggregates until, at around 75-80% of the maximum load
(critical stress level), the matrix cracks become unstable, such
that if that load is sustained, fracture will happen after a certain
period (due to tertiary creep) (Riisch, 1960). The predominant
orientation of these cracks is along vertical planes, which
theoretically, are subjected to a null stress. But this is on
average; due to the strong heterogeneity of the material, tensile

stresses can develop locally, especially at the aggregate-paste
interface which can initiate the cracking process. This was
established already in the 50’s by photoelasticity analysis
(Dantu, 1958).

The generation and propagation of cracks was made evident
through microscopy observation of slices of concrete, obtained
from specimens that had been subjected to increasing levels
of compressive load (Hsu et al, 1963). Another evidence of
the crack formation and propagation was provided through
acoustic emission, measured under a monotonically increasing
load (Mlakar et al., 1984). Another evidence of crack opening
was provided by the measurement of volumetric strains of a
concrete specimen under uniaxial compression (by measuring
longitudinal and transverse deformations with strain-gauges).
In theory, as the Poisson coefficient of concrete is ~ 0.20,
the volumetric deformation of concrete ev under uniaxial
compression, should lead to a contraction of the order of 0.6
of the longitudinal compressive strain (Newman & Newman,
1971). This performance is observed up to the critical load,
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beyond which a reverse in the behaviour happens, with the
volumetric strain now starting to increase rapidly, due to a
huge increase in the tensile transverse deformations due to the
opening of the cracks.

All these pioneer investigations were made at the time (1950-
1970) when the fundamentals of the mechanical behaviour of
concrete were established in view of developing sound models
for the structural design of reinforced concrete structures. Since
the application of a compressive load leads to the appearance
and propagation of cracks, an increase of the permeability of
the material with the level of applied loads is to be expected.
However, permeability test methods for concrete began to be
established only around 1990. A literature review of the effect
of loads on the permeability of concrete to liquids, gases and
chlorides was published by (Hoseini et al, 2009) and, more
recently, by (Torrent et al, 2022).

There is a certain agreement in that, at relatively low level
of compressive stresses (up to about 50% of the compressive
strength), the permeability of concrete slightly decreases. This
is attributed to the effect of consolidation and closure of micro-
cracks (mostly originated by shrinkage) that already exist in
unloaded concrete [Shah & Slate, 1968]. Beyond 50% of the
maximum load, the permeability starts to slightly increase,
until the critical stress level is reached (= 75%-80% of the
compressive strength), after which a very sharp increase in
permeability is observed. Figure 1 presents results reported by
(Li, 2016), originated by Meziani and Skoczylas (1999) and
Banthia and Barghava (2007), that confirm that behaviour.

Besides these fundamental aspects of the problems, there is
a practical one. The double-chamber vacuum cell method,
standardized in Switzerland [SIA 262/1, 2019], Japan (NDIS
3436-2, 2020) and Argentina (IRAM 1892, 2022), aimed at
measuring the coefficient of air-permeability k7, can be applied
on site on structural members. It is therefore important to know
whether loads applied to the elements may affect the results of
the test.

In previous investigations, concrete cubes were loaded up
to a certain level of stress, measuring the coefficient of air-
permeability kT of the cubes, under a sustained load. (Paulik
& Hudoba, 2009) found, for plain concrete, that the A7 value
under a stress of 30% of the compressive strength was the
same as for the unloaded cube, recording a 10-fold increase
for tests performed at 60% of the compressive strength. (Van
der Merwe, 2019) tested cubes of six different compositions,
unloaded and loaded at stresses up to 50% of the compressive
strength. He proved that there is no statistically significant
effect of compressive load on the air-permeability of concrete
within load levels expected during typical service conditions,
and can therefore be ignored in practice.

2.0

-@--Kw [Banthia & Barghava]
—i— kg [Meziani & Skoczylas]

Relative permeability (-)
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Compressive stress/strength ratio (-)

Figure 1: Effect of applied compressive stress on the

permeability of concrete to gas Kg and water Kw; data from

(Meziani & Skoczylas, 1999; Banthia & Barghava, 2007) apud
(Li, 2016).

In both investigations described above, the values of k7 were
recorded loading the cubes up to a certain level and measuring
the air-permeability under a constant sustained load.

It was considered of interest to investigate the changes in k7'

experienced by specimens under monotonically increasing

loads until failure. The object of this paper is to present

preliminary results of measurements of the coefficient of air-

permeability £7, of a single concrete mix, obtained under four

different loading conditions:

e Unloaded cubes, before applying any load

e Under sustained compressive stresses of 30, 60 and 90%
of the compressive strength

e The residual value after removing the load of cubes tested
as described in b.

e Under monotonically increasing loads until failure

Experimental Methodology

Concrete Characteristics and Specimens

Seventeen 150 mm cubes were cast from a single batch of a
concrete mix of the composition shown in Table 1. The cubes
were moist-cured during 140 days days, age at which some
cubes were tested for compressive strength, yielding a mean
value /7 =45.0 MPa.

Constituent | Cement | Water | Aggregates | Plasticizer

kg/m? 320 160 | 1960 2.9
Table 1: Composition of the concrete mix investigated

Air-Permeability Test Method

The test method consists in placing a vacuum cell composed of
two concentric chambers in contact with the concrete surface
and creating a vacuum of = 30 mbar in both chambers by means
of'a vacuum pump. After 60 seconds, the central (test) chamber
is isolated from the pump, the pressure of which starts to rise
due to air flowing from the concrete pores (at atmospheric
pressure) into the vacuum cell. The pump goes on working on
the outer chamber at a speed controlled by a pressure regulator,
in order to keep the pressure of both chambers balanced. Under
these conditions, it can be assumed that air flows into the central
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chamber unidirectionally (a cylinder of air), whilst the lateral
flow is sucked by the external chamber that acts as a guard-
ring. Applying a physical model, it is possible to compute the
coefficient of air-permeability of concrete k7" from the data
recorded during the test: atmospheric pressure Pa, ‘effective’
pressure rise in the inner chamber AP between t0 = 60 s and

tf = time at the end of the test (< 720 s). The model provides
also an estimate of the penetration of the vacuum front L,
affected by the test. A derivation of the formula to compute k7T
and L can be found in (Torrent et al, 2022; M-A-S, 2023).

The instrument used for the experiments was the 5™ Generation
PermeaTORR AC+ (M-A-S, 2023), that allows to monitor the
pressure rise in the inner chamber with time.

The test was applied, first on the unloaded specimens, obtaining
the reference permeability. This was done on two faces of all
17 cubes.

Cubes #3, 4 and 5 were loaded to a stress of 13.5 MPa (30% of
f’cm). Once the desired level of stress was attained, the load
was kept constant during a time sufficient to perform two kT
test, on two opposite faces (A and B) of each cube. Then the
cube was unloaded and removed from the testing machine.

Cubes #8, 9 and 10 followed the same procedure, only that the
level of stress was raised to 27.0 MPa (60% of /”_ ). Finally,
cubes #11 and 12 were similarly tested at a stress level of 40.5
MPa (90% of f° ).

Immediately afterwards, all eight cubes mentioned above were
tested again for k7, now without any applied load, obtaining

the so-called “Residual” air-permeability k7.

Cubes #1, 2, 7, 14 and 15 were placed in the testing machine,
applying a compressive stress that increased monotonically at
a predefined rate until failure. The pressure rise in the inner
chamber AP was monitored continuously during the entire test
with the PermeaTORR AC+ instrument. Only one face of each
cube was monitored.

For reasons that will be explained later, cubes #3 and 4, that
had been loaded up to 13.5 MPa and unloaded afterwards,
were saw-cut into two halves, each cube producing two
prisms of 70x150x150 mm. These prisms were also loaded
monotonically as explained in the previous paragraph until
failure, whilst monitoring the pressure rise in the inner chamber
AP.

1. The ‘effective’ pressure rise is the difference between the
pressure rise recorded during a test and that recorded during
the calibration of the instrument at the same time, when applied
on an impermeable plate.

Test Results

Reference unloaded Air-Permeability kT

The 34 test results obtained on two faces of the 17 cubes
investigated are presented in Table 2. The uniformity of the
results is excellent, with all values belonging to the ‘Low’
Permeability Class (0.01x 10'® m? < k7 < 0.1x10'¢ m?). The
geometric mean of the results is kT, = 0.0301%10"® m? and
the standard deviation of the decimal logarithms of the results
is SLOG = 0.163.

Face 1A 2A 3A 4A S5A 6A TA 8A 9A

kT (10" m?) |0.0661 |0.0177 | 0.0249 | 0.0208 | 0.0376 | 0.0359 |0.0271 | 0.0479 |0.0270
Face 10A 11A 12A 13A 14A I5A 16A 17A

kT (10"*m?) | 0.0214 | 0.0358 | 0.0127 | 0.0263 | 0.0263 | 0.0293 | 0.0293 | 0.0301

Face 1B 2B 3B 4B 5B 6B B 8B 9B

kT (10" m?) | 0.0529 | 0.0412 | 0.0183 | 0.0385 | 0.031 | 0.0376 |0.0489 | 0.0605 |0.0159
Face 10B 11B 12B 13B 14B 15B 16B 17B 18B
kT (10" m?) | 0.0263 | 0.0309 | 0.0325 |0.0270 | 0.0183 | 0.0420 |0.0341 | 0.0256

Table 2: Results of k7" obtained on two faces of the 17 unloaded reference cubes

It is worth mentioning that the penetration of the test L, described above, ranged between 10 and 20 mm, depending on the

measured value of kT.

Sustained Load and “Residual” kT values

The values of k7 measured under sustained loads (‘Loaded’) and after removal of the load (‘Residual’) are shown in Table 3 for
the three levels of stress applied. For comparison, the corresponding unloaded values (taken from Table 2) are also indicated. It
was not possible to get meaningful values of k7 on some of the cubes subjected to 40.0 MPa compressive stress.
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kT values (101 m?) measured for Sustained Applied Stress of

13.5 MPa 27.0 MPa 40.0 MPa
Face | Virgin Loaded | Residual | Face Virgin | Loaded | Residual | Face Virgin | Loaded | Residual
3A° | 0.0249 0.0499 |0.0328 |8A 0.0479 |0.0520 | 0.0460 11A 0.0358 | 0.280 0.215
3B |0.0183 0.0140 |0.0180 |8B 0.0605 |0.0874 | 0.0685 11B - - -
4A ] 0.0208 0.0470 |0.0320 |9A 0.0270 | 0.2996 | 0.0733 12A 0.0127 |10.3 2.34
4B | 0.0385 0.2057 |0.1396 | 9B 0.0159 |0.4534 |0.1542 12B 0.0325 | 146.0 8.89
SA  |0.0376 0.0469 |0.0342 | 10A 0.0214 |0.0431 |0.0215 13A - - -
5B |0.0310 0.0421 |0.0287 | 10B 0.0263 |35.9 1.16 13B - - -

Median of Ratios | 1.68 1.15 Median of Ratios | 6.56 1.92 Median of Ratios | 808 184
Table 3 : Results of k7 obtained on cubes subjected to sustained loads of different levels

In the last row of Table 3, the median of the ratios of kT Loaded/unloaded and Residual/ unloaded are indicated for each load
level. The median is used to cushion the high scatter recorded at high levels of load. It can be seen that the application of load,
even of just 30% of the compressive strength, increases the A7 air-permeability, although the removal of the load brings the
values very close to the unloaded values. These results are at odds with those reported earlier (Paulik & Hudoba, 2009; Van
der Merwe, 2019), in which no-change of k7 permeability was found at loads < 50% of the compressive strength. One possible
interpretation of the results reported in Table 3 is that, at 30% level of load, micro cracking at the interface paste-aggregate
occur, which is enough to increase the air-permeability £7. The removal of the load closes these micro cracks, returning the k7
values close to the unloaded ones. At higher levels of loading, especially at the 90% level, both the A7 values under load and
after unloading become much higher than the original ones, reflecting the more severe cracking experienced by the specimens.

The results shown in Table 3 are presented graphically in Fig. 2. The ratio of the A7 results obtained under sustained load
(coloured bars) and after removing the load, i.e. ‘Residual’ (white bars), referred to the k7" values obtained on the unloaded
specimens, are displayed for each cube. The results under sustained load are painted in green, yellow and red for applied loads
of 13.5, 27.0 and 40.5 MPa, respectively.
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Figure 2: Relation between the permeability kT measured on loaded specimens referred to the unloaded values

Fig. 2 shows that at a relatively low level of stress (13.5 MPa; = 30% of the strength) a slight increase in air-permeability — under
sustained load - is already detectable in five out of the six faces investigated. The same five faces showed a recovery of the kT
value after removal of the load (‘Residual’ values), such that in three out of the six samples the ‘Residual’ value returned to the
original unloaded value. This indicates that the damage inflicted under load, was possibly due to interface micro cracks that were
closed after the removal of the load.

For higher levels of stress, the departure of the ‘Loaded’ A7 values from those measured on the unloaded specimens becomes
larger reaching, for certain samples values that are 3 orders of magnitude higher than those of the unloaded specimens. With
a couple of exceptions, the ‘Residual’ kT values are higher than those measured on the unloaded samples reaching k7 ratios 2
orders of magnitude higher. This indicates that a permanent damage has been inflicted to the specimens loaded at 60 and 90% of
the compressive strength.
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kT Under Monotonically Increasing Load

In this kind of test, instead of referring to the k7 result, the focus
will be placed on the relation between AP and the square root
of the time (\'t - Vt0) which, according to the model should be
linear if the porosity, permeability, moisture and temperature
are constant within the volume of material affected by the test
(Torrent et al, 2022; M-A-S, 2023). The plot is automatically
displayed by the PermeaTORR AC" instrument during the test,
as shown in Fig. 3a for the test under monotonically increasing
load on face B of cube #1, in which a clear non-linearity is
visible. The departure from linearity can be attributed to the
creation and propagation of cracks during the loading. On the
other hand, Fig. 3b shows the plot corresponding to face A of
cube #2, under the same type of loading, which remains quite
linear.

Figure 3a: Non-linear relation between AP and (\/t - \/tO) for
Cube #1 under monotonical loading

Figure 3b: Quasi-linear relation between AP and (Nt - \t0) for
Cube #2 under monotonical loading

The interpretation of the quasi-linear plot in Fig. 3b is that,
given that the penetration of the test for the unloaded cubes is
less than 20 mm, by chance the damage may happen in areas
of the cube outside the reach of the permeability test, which
showed a quasi-linear relation, similar to that obtained when
testing a unloaded sample.

In order to overcome this problem, an attempt was made to
saw-cut in halves cubes #3 and 4, previously subjected to a
load of 13.5 MPa (with little damage), as described in Section
2.2. Now, with a thickness of the tested element reduced from
150 to 70 mm, the chance that the k7-test is affected by the
cracks created during the monotonic loading is increased.

The data of AP as function of the time t are stored in the
memory of the instrument, which allows to reproduce the plot
AP vs (Vt - \1t0) numerically.

The term Unloaded is expressed within inverted commas,
because these samples had been previously subjected to a load
of 13.5 MPa.

Fig. 4 shows, for face A of half-cube #3, the plot AP vs (\t
- \t0) for the ‘Unloaded’ sample (continuous black line) and
for the permeability test conducted, while the specimen was
subjected to a monotonic load at a rate of 0.2 MPa/s (red line
with red circles). The blue dotted line with crosses represents
the difference between the AP measured on the specimen under
load and that measured on the unloaded specimen, represented
as AAP.
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Figure 4: shows, for face A of half-cube #3, the plot AP vs (\t
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The plot of AAP indicates that the specimen experiences a
visible increase in its permeability at Vt - Vt0 = 6.25 s% or,
recalculating, at a time t = 195 s since the initiation of the k7-
test. As the testing machine applies the load at a prescribed
rate, taking one or two reference readings, it is possible to
convert the time scale into a stress scale.

Fig. 5 presents the data of AP of three loaded half-cubes and
the corresponding 44P values, as function of the applied stress/
compressive strength ratio (o/f’c). It has to be mentioned that
the instrument automatically stops the test once the value of
AP has exceeded 20 mbar (horizontal black line).

The three specimens show quite different behaviours in terms
of the level of stress at which the loaded sample starts to show
an increase in permeability compared to the same specimen
tested ‘unloaded’. Indeed, half-cube 4B departs at a o/f’c ratio
as low as 15%; the same departure happens at o/f’c ratios of
46% and 70% for half-cubes 4A and 3A, respectively.
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Figure 5: Relation between AP and 44P with o/f’c ratio for

the three half-cubes tested

The permeabilities measured at the end of the tests resulted
of 7.3, 3.3 and 13.2 (x10'® m?) for half-cubes 3A, 4A and 4B,
respectively. It is interesting to note that face B of cube #4 had
shown a high permeability, both under sustained loaded at 13.5
MPa and after removal of the load (see Table 3), which may
suggest that the corresponding half-cube had already some
damage before starting the test under monotonical loading.

Conclusions
The results obtained in this investigation allow us to draw the
following conclusions:

1.

Contrary to previous investigations, the tests made under
sustained load ata level of 30% of the compressive strength
showed a slight increase in k7 permeability compared to
that of the unloaded specimens, that almost disappeared
when the load was removed. This may be attributed to
interface micro cracks that close after unloading.

The increase of kT at that level of stress is, in average,
around 70%. Taking into consideration that k7 varies, as
function of the quality of the concrete, over six orders
of magnitude (Torrent et al, 2022; M-A-S, 2023), this
increase is not significant in practical terms.

At load levels of 60% and 90% of the compressive
strength, the increase in k7, measured under load and after
the removal of the load, became more marked indicating
more severe cracking that remained open after unloading.
In the case of 90% loading, the increase in k7" under load
reached three orders of magnitude for measurements
under load and two orders of magnitude for measurements
after removal of the load, respect to that of the unloaded
specimens.

The measurement of 7" under monotonic compressive
loads looks promising; yet, the random location of the
damage sometimes eludes the reach of the air-permeability
test, giving erratic values. Preliminary tests, on previously
loaded cubes saw-cut in halves, suggest that, measuring
kT on both faces of 70x150%150 mm prisms may lead to
more accurate and homogeneous results.
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