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ABSTRACT

In this paper, the durability of cancrete in general and
the gas permeability of concrete in particular ure
theoretically explained and some durability test
results obtained from laboratory imvestigation are
discussed. A simple und practical gas permeability
measurement apparatus, which enables 1o ussess the
performance properties of concrete 1s presented. Test
results indicuted that curing duration plamys a
sgnificant role in improving the performance
, ‘roperties of concrete, und it hus been shown that
compressive strength alone cannot be used 1o ussess
the performance properties of concrele accurdtely.
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INTRODUCTION

Concrete is one of the oldest and most comne ..v used
building matenals in the construction industry  Over
the cemfuries. concrete technology has developed fromn
the natural simple use of pozzolanas to the advanced
specifications and techniques of today. is sugtability to
achieve whatever required shape/sizes in realizing
great architectural and engineering designs enables to
meet Lthe requirements of construction today and has
boundless potential for future development. Conerele
being a versatile construction material can be formed
m-situ or prefabricated, can be plain, reinforced or
presiressed as required.

The quality of concrete 1s Uhus a subject of concern
both, at the fresh state and hardened state. The
requirements mn he fresh state are that the mix
consistency has to be cohesive in such a way that the
concrete can be placed without segregation and does
not require excessive compaction ¢ffort. In the
hardened state, a good concrete should have the desired
properties of concrete such es density, porosity,
permeability, strength and should provide sufficient
resistance against freeze/thaw damage, abrasion ard
chemical aftack. In general terms, [or concrete to be
classified as good, it has to be durable. It is generally
accepted that concrete durability is to a large extent
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governed by concrete’s resistance Lo e penciration of
aggressive media. Therefore, the assessment of Lhe
cover of concrete surfsces iS very umponant m
diagnosing concrete structures, due to the fact that they
are maore respansible to pratect the reinforcemnent from
COITOSION.

DURABILITY OF CONCRETE

Several arbilrary and conventional lefintions are
atrributed fo the term durability. Duwoablity ma e
defined i a more general way us the abilbty of 4
material (o remain serviceable for ot least the cyuired
life ume of the structure of which 1t forms a part |1].
Despite its significant impact, the aspect of concrete
Jurability has not been adequately emphasized in most
standard specifications. Concrele mixes are mainly
designed to satisfy a certain compressive swength
value. However, strenglh wnd o .bility do not
necessanly currclate, specially for nonmal concrete
classes.

The ingress of gasws, water or 1ons 10 agqueous solutons
mnto concrete takes place through pore spaces w Lhe
cement pasle mainx or mucro-cracks. A taney of
different physical and/or chemical mechanisms may
govern the transport of (hese madia mto Lhe concrete,
depending mainly an the nature of Lhe pore structure of
the cencrete, he environmental condition and (he
degret of saluration of the pore systemn.

TRANSY " « f MECHANISMS IN CONCRETE

It has pee .erally known, that the properties and
performic  » concrete are sirongly influenced by the
maoisture ¢ -itent 1 (he concrete. For instance, the rate
of cerment - dration dimimshes markedly with the loss
of moisture [2,3], carbonation rates are highest at
moisture contents intermediatc between dry and
saturated [4,5] and the rate of corosion of reinforcing
steel diminishes with a reduction of moisture content
[6,7]. Nearly all chemical reactions in Lhe concrete and
other physical and mechanical properiies are all a
function of moisture history in the specimen. Based on
these facts, three impartant transport mechanisms, each
of which has an associated {low conslant, can be
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distinguished in the study of concrete durability:
Absorption and  Adsorption,  Diffusion  and
Permeability.

Absorption and Adsorption

It i generally agreed, that the rate at which unsaturated
concrete absorbs water i contact with ils surface is
largely relevant to various aspects of durability, since
it is directly related 1o the porosity of the specimens.
Investigalors have tried 1o study the capillary
absorption of a material which is believed to indicate
the quality of concrele near an exposed surface. Since
the flow of [luids in a porous media are influenced by
the moisture conte- #, the armbient relative humidity and
lemperature, iv. Jf interest to be aware of the state of
moisiure in & cystem at a particular condition for
accurale invesigalion. The relation between the
moisture cont~n. and relative humidity at equilibrium
state can be explained using sorption isotherms,
Generally S-shan~d 1sothermns are more frequent in
cement and roncrete specimens. Practically,
cquilibrium s ite of a porous media can be reached
either during drying, which is known as desorption or
during wetling which is known as adsorpiion. Both
phenomena . influenced by the temperature of the
air, and a! the same temperature and relative humidity,
more moisture is available during desorption as shovwn
typically in Fig. 1.

|

100

Desocrption

Adsorption

Moisture content [%]

¢

0 Relative humidity [%] 100

Figur | Schemalic adsorption and desorption
isotherms of concrete

Considering & one dimensional case of water
absorption into an initially dry porous matenial, it has
been generally shown analylically and experimentally
that the volume of water absorbed per unit cross
section, /, is proportional to the square root of the time
t, and the constent S is known as sorplivity. The

relationship is expressed as:

[=8¢t7 (1)

where, I = volume of water absorbed per unit arca

(m*/m*)

S= amatenal constant called the sorptivity
(m/s'?)

¢ = time (8)

Sorptivity is a property, which is casy to measure
accurately and depends on the material property of the
test fluid, the initial and final liquid eontent. Tests for
sorptivity can be made in the laborstory using
preferably cylindrical specimens with the curved
surfaces sealed wilh a suitable resin-coating and by
recording the increese in weight and the depth of
penetration at intervals of time.

It is possible to identify the effect of curing and w/c
ratio using sorptivity values. For instance, Hall [B]
reporied a sorptivity value range of 0.70-3.72 mm/v'A
for various concrete specimens evalusted in the first
hour of water exposure, while Torrent ef al. [9]
reported a sorplivity range of 0.402-1.722 mm/Vh,
where A is lime in hour, for various concrete specimens
tested afler 3 hours of exposure.

The porosity of concrete specimens can be ebtained
from sorptivity measurements, provided the absorption
is allowed W continue until the whole specimen is
saturated [10]). It was also possible to establish a
relationship between pore radius, r, and water
sorptivity, S, as shown in Eq. 2.

S=Cyre )

where, C = constant describing physical and
geometrical properties of the lest
specimen
r= concrete pore redius
eg= effective capillary porosity

Diffusion

Diffusion is the process by which a liquid, gas or ion
can pass through a porous media due 10 a concentration
gadient. Any transport of gases or walcer or substances
dissolved in water are diffusic1 processes and are
induced by the tendency of equilibraung diizrences in
concentration.
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Figure 2 Schematic diagram of the over pressure test method.

The gas permeability measurement apparatus consists
of a mtrogen gas supply, an accurate digita] display
attached to a pressure sensor, a tight gas reservorr,
manometers to regulate the fiow of gases from the
supply, valves o controf the flow of gases, hollow
flexible connection cable and a hollow steel bolt with
expandable dense rubber bung at the end, which is to
be fixed into test specimens as shown in Fig. 2 above.
By turning the nut, such that the washer lies on the
concrete suface, the 13 mm diameler rubber bung is
laterally streiched and assures that the top inner surface
of the hole 1s impermeable and thus the flow of gases
will only be predommantly through the surrounding
cancrele cover. [t has now been possible to 1est two or
more specimens simultanecusly using a single gas
reservoir by having a T-connection from the pipe
coming from the gas cylinder and connecting to
different reservoirs and manomelers,

At the day of lesting, the test specimens were drilied
from the troweled face using a hand dnlling machme to
the required depth and the remaining dust was sucked
out of the hole. Adequate care should be taken not to
damage the top surface of the hole during dnilling. This
problem can be reduced by using a temporary timber
cover over the concrete surface and thus avoid direct
hammerning of the surface using the dnliing machine,
The depths of the heles and the relative humidity in the
test holes were measured before the specimens were
fixed into the gas permeability measurement apparatus,

During the test, leaving Lhe two valves open, & nitrogen
gas is pumped into the concrete through the dritjed hole
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at & constant high pressure (~10.5 bar) for a few
seconds to allow the flow of gas in the concrete to
stabilize. Valve 1 was then closed and the rate of
pressure drop was recorded, starling when the pressure
drop reached 10 bar (i.e. at 10 bar, t, = 0 sec.) as read
from the digital display attached to the reservour. The
pressure drop was further recorded at a pressure
interval of 0.5 bar for normal concrete, and at an
interval of 0.05 bar for very demse concrele, until i
reached around 7.5 and 9.0 bar, respectively. The rate
of pressure decay was recorded at least twice for each
hole before the specimen is de-mounted from the
apparafus and a mean of the results of three different
specimens 15 used to identify the malerial property,
qualitatively or/and quantitatively. It was found that
poor quality concrete requires shorter time {o reach 7.5
bar than good quality concrete (o reach 9.0 bar, which
indicaies that the time taken for the pressure to drop hy
a certain amount can be used to compare the
permeability property of concrele  specimens
qualitatively.

The diameter and depth of the holes were chosen (o be
14 mm and 45 mm, respectively, due to the following
reasons: a) only a very small visual damage on the
cover comerete is expected, which can be later restored
without difficulty (hence, the method is relatively non-
destructive); b) gnables visual inspection through the
holes; ¢} 14 mm diameter is a good representative
considering maximum aggregate size in concrete and
d} the p 45 mm depth was considered (o be more
susceptible o external effects, such as diffusion and its
CONSEqUETICES.
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It is an established “act, that the presence of moisture
affects the gas permeability measurement and there are
disadvantages in pre-conditioning test specimens
pefore testiag i order to standardize the moisture
content at the time of testing. In this nvestigation,
however, Lhe relative humidity and temperature in the
test holes were measured right after the holes were
drilled and just before permeability testing, and the
values were later used to relate with the moisture
conteni 1n he concrete. The relative humidity and
temperature  were measured using commercially
available digital (hermo-hygrometer, and were
displayed on the liquid erystal display (LCD) wilhin
few seconds after inserting into the test holes. A total of
15 to 25 minutes were required 1o drill a hole, measure
relative humidity and temperature, and record pressure
decay of a single test specimen, depending on the
concrete condition at the time of the test.

EXPERIMENTAL INVESTIGATION

Three types of concrete mixes were prepared in the
laboratory and adequate number of cubes and cylinders
were casted. The test specimens were left one day in
the mold, and then cured for 3 or 7 days in a fog room
at a temperature of 20°C and 100% relative hurmudity.
The specimens were then stored in a controlled room
at a temperature of 20°C and 65% relative humidity
until the age of testing. Concrete cubes of 150 mm a
side were used to determine the compressive strength
and specific gas permeability coefficient, while
cylindneal specimens having a diameter of 150 mm
and a height of 300 mm were used to determine the
water absorption coeflicient (sorptivity) of test
specimens. The mix composition of the three concrete
mixes are summarized in Table }.

TEST RESULTS AND DISCUSSIONS

The 28 days compressive strength, porosity (as
determined by lhe mercury infrusion porosimetry),
sorplivity and gas permeability values determined at
the age of one year ar¢ summanzed in Table 2. All
values are a mean of three individual test results. The
sorptivity values were determined afler 24 hours of
waler exposure, The penetration deplhs were measured
after 72 hours of water exposure and measured by
splitiing the test specimens lengitudinally.

It is an established fact that, compressive strength is a
function of w/ ratio and degree of compaction. As
observed from Table 2, the test results indicated that
conpressive strength increases with increase in curing
duration and decrcases with increasing w/c ratios as
expected.

The total porosity values give an indication about Lhe
amount of empty pores in test specimens. It has to be
noticed that these values indicaie all pores, connected
and unconnected _pores, in Lhe media. Since
permeability is a function of connected pores only, it is
difficult to establish a relationship between porosity
and pevmeahility values. The change in porosity values
after hree days of curing is less significant. In this
respect, 1t may be practical and rcasonable to suggest
a minimum of three days of curing 0 produce less
porous concrete.

The results of sorptivity measurernents indicated that
concrete specimens having higher w/c ratio absorb
more quantity of water (han those having relatively
tesser w/c ratio. A reasonable agreement was reached

Table 1 : Mix composition and fresh concrete property of the mixes

Mi Cement Aggregate .
X Cement type Wi [kg/m’] [kg/m* [ Workability
|rmm]®
fine Coarse
A CEMI325R 0.46 370 427 1354 360
B CEMI325R 0.56 300 458 1374 375
C CEMI1325R (.63 270 482 1372 350

 a maximum of 16 mm quartzile aggregates were used for all (he mixes. Fine aggregate is between 0-2 mum,
while coarse aggregate mcludes all between 2-16 mm diameter,
@ workability was measured using the fiow table test.
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