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Abstract: Mercury intrusion porosimetry test was carried out to investigate the quality of thin concrete cov-
er. Specimens with different water-to-cement ratios were prepared and exposed to different environmental
conditions. The results show that the pore structure of the cover is coarser than that of the center portion
when the cover is insufficient. With thinner cover, the pore structure becomes coarser. With decreasing wa-
ter-to-cement ratio, the pore structure becomes finer, and the difference in the pore structure between the
cover and the center portion becomes smaller. If the cover is insufficient, not only the distance needed for
substances to reach the bar becomes shorter, but also the pore structure becomes coarser. At 91 days, the
pore structures of outdoor specimens are almost the same as those of indoor specimens although the expo-
sure conditions are different. To investigate the applicability of the air permeability test and electric resistivi-
ty test to evaluate the cover quality when the cover is insufficient, specimens with different water-to-cement
ratios and cover depths were prepared. A combination of the air permeability test and electric resistivity test
roughly pointed out the poor quality of the insufficient concrete cover and is a useful technigue to evaluate
the concrete cover in real structures.
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1. Introduction inadequate cover thickness for reinforced concrete

elements intensified the corrosion rate. It is well
The durability of infrastructures has become a understood that the insufficient concrete cover can

major concern in some countries because insuffi- lead to earlier corrosion initiation and easier spall-
cient concrete cover was found due to the poor ing of concrete because the distance needed for the
quality of the construction. Among six structures substances to reach the steel bar becomes shorter.
along the North Sea coast in The Netherlands inves- ~ On the other hand, if the concrete cover is too thin,

tigated by Polder and De Rooij [1], only one struc-  the concrete properties over the reinforcing bars
ture had corrosion damage related to the relatively might be different because large aggregates cannot
low cover depths. Moradi-Marani et al. [2] reported pass through this limited clearance and this layer is
that the jetty structure located in the northern coast ~ exposed directly to the environment as illustrated in
of Persian Gulf, north of Strait of Hormoz, near the Fig. 1.

port of Bandar-Abbas underwent major corrosion To evaluate the quality of the concrete cover in
rehabilitation after 7 years of service because the the real structures, many non-destructive methods
[3-5] have been proposed. Recently, the surface air
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nected with the electric resistivity of the concrete
[15]. However, if the local differences in the con-
crete properties over the reinforcing bar exist in the
case of the thin cover depth, the applicability of the
non-destructive tests to the presence of this local
zone should be clarified.

There are two ultimate purposes in this study.
The first is to investigate the effect of the thin con-
crete cover on the concrete durability. Porosity and
pore structure play an important role in the durabil-
ity of concrete, and Mercury intrusion porosimetry
(MIP) has been widely used for porous space inves-
tigation. In this study, MIP test was conducted to
evaluate the pore structure of the concrete over the
reinforcing bar in the case of the insufficient con-
crete cover. The change of the pore size distribution
over time and the variation of the pore size distribu-
tion due to different exposure conditions (i.e., in-
doors and outdoors) are also discussed in this study.
In the reality, real reinforced concrete structures are
always exposed to the natural environment. How-
ever, the temperature and humidity outdoors are far
more complex than those in the experimental room.
Therefore, the indoor condition was selected be-
cause the temperature is relatively easy to control.
Meanwhile, the second is to investigate the applica-
bility of the non-destructive tests to evaluate the
concrete cover quality of the real structures in the
future considering the insufficient concrete cover.
In this series, the specimens were also exposed to
different conditions (i.e., indoors and outdoors).

2. Experimental program of MIP measurement

2.1 Materials

Concrete was prepared using tap water (W),
type-1 Portland cement (C), river sand (S), coarse
aggregates (G), and air-entraining (AE) admixtures.
Concrete mix proportions and fresh concrete prop-
erties are given in Table 1. Two different water-to-
cement ratios which were 0.45 and 0.6 were select-
ed for this experimental investigation. The maxi-
mum size of the coarse aggregate was 20 mm.

2.2 Preparation of specimens
To investigate the effect of the thin concrete
cover because of the poor construction quality on

Table 1 — Concrete mix proportions and properties

the concrete cover properties, four reinforced con-
crete specimens were prepared. The specimens
were 200 mmx100 mmx200 mm in size reinforced
with three deformed steel bars of 19.1 mm diameter
(D19) at cover depths of 5, 15, and 30 mm as
shown in Fig. 2. Cover depth of 5 mm was selected
to represent the extremely poor quality of the con-
struction, while cover depth of 15 mm illustrated
the poor quality of the construction. Meanwhile,
cover depth of 30 mm represented the fairly poor
quality of the construction. It was assumed that
when the concrete cover is sufficient which is more
than 40 mm, the concrete properties of the concrete
cover might be the same as the those of the center
portion. To form a flat top surface, the specimens
were cast with the specimens orientated upside
down illustrated in Fig. 2(b). The formwork was
filled in two equal layers, and every layer was com-
pacted for 5 seconds with a handheld concrete vi-
brator.

The specimens were demoulded one day after
casting, wrapped in the wet clothes and cured for
seven days. At the end of the curing, the wet clothes
were removed, and the specimens were exposed to
different exposure conditions. Only top surface of
the specimens was exposed, while other surfaces of
the specimens were sealed with plastic wrap. Two
specimens with different water-to-cement ratios
were kept in the laboratory at a temperature of 20
°C. Meanwhile, other two specimens with different
water-to-cement ratios were stored in outdoors and
exposed to natural sunlight in Tokyo, Japan. Fur-
thermore, the temperature and humidity were also
recorded every hour using a temperature and hu-
midity data logger as shown in Fig. 3.

2.3 Experimental method using MIP

MIP is one of the most widely used methods to
study the pore structure of cementitious materials
based on the physical principle that a non-reactive,
non-wetting liquid will only penetrate fine pores
when a sufficient pressure is applied to allow it to
intrude. An increasing pressure is required to force
mercury into pores of decreasing size. The imposed
pressure is converted to the equivalent pore diame-
ter using the Washburn equation [9] as in Eq. (1).

WIC Water Cement Sand  Gravel AE Slump  Air 91-day
content comp. strength

(kg/m?) (kg/m?) (kg/m?) (kg/m’) (kg/m’) (cm) (%)  (MPa)

0.45 168.6 378 735 1032 142 8.8 4.1 49.51

0.60 168.9 283 823 1023 11 8.3 3.0 38.60
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D = -(4ycosb/P) (D)

where D is the diameter of the pore (m), P is
the applied pressure (Pa), & is the contact angle
between liquid mercury and the pore wall
which is assumed to be 130°, y is the surface
tension of the mercury which is assumed to be
0.48 N/m.

Previous experiments [16-17] reported that
there was a correlation between threshold pore size
which is an indicator of pore structure and the dif-
fusion coefficient of oxygen and chloride ions in
cement pastes. Here, threshold pore size is the min-
imum pore size which mass should pass to pene-
trate the objective and pore size distribution is
measured with MIP.

At 7, 14, 28, and 91 days after the casting, a
20-mm thick piece from one end of the specimens
was cut with a water-cooled, diamond-bladed saw
as illustrated in Fig. 4. Cubic pieces, approximately
5 millimeters in size, were taken from each piece at
four different locations which are above each rein-
forcing bar and at the center portion of the piece, as
shown in Fig. 5. The samples at the center of the
piece served as the reference. The samples consist
of only mortar pastes, and coarse aggregates were
excluded in all samples. The samples were sub-
merged in acetone for 24 hours to stop the hydra-
tion reaction, and then dried using a D-dry vacuum
pump. After drying, a sample, approximately 1.5
grams in weight and consisting of the cubic pieces
from the same location, was placed inside a sample
cell for the MIP test. The maximum pressure ap-
plied was 130 MPa. For each testing age, in a total
of 20 samples with different water-to-cement ratios,
exposure conditions, and locations were tested.

3. Results of MIP test

3.1 Environmental conditions

As shown in Fig. 6(a) the measured hourly
temperature inside the experimental room was al-
most constant. The specimens in the experimental
room were exposed a temperature of 20°C and the
relative humidity (RH) ranging from 45% to 93%.
Meanwhile, the specimens stored in outdoors were
exposed to fluctuating temperature and relative hu-
midity. After 7 days of curing, two specimens with
different water-to-cement ratios were removed and
the exposure to the natural environment was started
in summer. The specimens stored in outdoors were
exposed to relatively high temperature and low hu-
midity in the summer from day 7 to day 14 depicted
in Fig. 6(b).

Fig. 4 — Specimen cut with a water-cooled,
diamond-bladed saw

Samples at the surface of the concrete cover of 30
cm were taken only at 91 days in the case of 0.60 of
water-to-cement ratio.
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Fig. 5 — Sample locations for MIP test

The environment temperature ranged from
23.1°C (night) to 38.5°C (day), while the relative
humidity ranged from 39.4% to 100%, and rain
rarely fell during this period. From day 14 to day
28, the temperature ranged from 21.4°C (night) to
40.7°C (day) which is still relatively high, but rain
fell several times during this period. The relative
humidity ranged from 36.2% to 100%. Because of
the season change from summer to fall, the temper-
ature decreased from day 28 to day 91. The temper-
ature ranged 17.3°C (night) to 39°C (day), while the
humidity ranged from 33.4%-100%. Furthermore,
the rain fell almost every day at the end of this peri-
od.

3.2 Porosity for W/C=0.60

Figures 7 and 8 present the cumulative pore-
size distribution curves and the derivatives of the
curves to facilitate the interpretation of the MIP
data for the series of 0.6 of water-to-cement ratio at
7, 14, 28 and 91 days in the cases of specimens
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stored in indoors and outdoors, respectively. Here,
derivative dV/dlogD is defined as a linear derivative
of the cumulative pore volume curve with respect to
the pore diameter. It is observed that the changes in
pore structure over time vary depending on the ex-
posure conditions. In the cases of the specimens
stored in indoors, the cumulative pore-size distribu-
tion curves for the concrete over the reinforcing bar
at cover depths of 5 mm and 15 mm show that the
volume of the pores bigger than 500 nm in size de-
creases over time, while the main capillary pore
peak is shifted to the bigger size especially for the
concrete over the reinforcing bar cover depths of 5
mm. It might be attributed to the effect of the dry-
ing. Meanwhile, the cumulative pore-size distribu-
tion curve for the concrete over the reinforcing bar
at cover depth of 30 mm does not change signifi-
cantly over time with the tendency that the capillary
pore peak is shifted to the smaller size and the vol-
ume decreases. Deeper zone shows lower total po-
rosities in which the dominant pore size becomes
smaller indicating the finer pore structure. It indi-
cates that in the case of insufficient concrete cover,
the thin layer is affected directly by the exposure
from the environmental condition.

At 91 days, samples were also taken from the
surface of the concrete cover of 30 mm. The cumu-
lative pore-size distribution curve and the deriva-
tives of the curve are shown in Fig. 9. The curves
are compared with the curves for the concrete over
the reinforcing bars at cover depths of 5 mm and 30
mm. The total pore volume of the surface of the
concrete cover of 30 mm is lower than that of the
concrete over of 5 mm. The volume of the pores
more than 150 nm in size of this zone is lower than
that of the concrete cover of 5 mm, but the volume
of the pores less than 150 nm in size of this zone is
higher than that of the concrete cover of 5 mm. It
indicates that the pore structure of the concrete cov-
er of 5 mm is coarser than that of the surface of the
concrete cover of 30 mm. It might be affected by
the behavior of the concrete passing through the
narrow spaces. When the concrete passes through
the limited clearance, the blockage sometimes oc-
curs resulting in the coarser pore structure. On the
other hand, the cumulative pore-size distribution
curve for the concrete at the center portion shifts to
the left with increasing age especially from 28 days
to 91 days. With increasing age, the dominant pore
size becomes smaller. In addition, the dominant
pore size for the concrete at the center portion is
smaller than that for the concrete at the concrete
cover indicating finer pore structure.
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Meanwhile, in the case of the specimens stored
in outdoors, from 7 days (after curing) to 14 days
(after 7 days exposed to the natural environment),
higher amount of total pore volume is observed par-
ticularly in the concrete over the reinforcing bar at
cover depth of 5 mm. The main pore peak is broad-
er and shifted to the bigger size (Fig. 8(a)) and large
pores appear approximately between 200 nm and
2000 nm in size. In the concrete over the reinforc-
ing bar at cover depth of 15 mm, large pores appear
approximately between 100 nm and 1,000 nm in
size, but the volume of the main pore decreases.
The large pores in the concrete over the reinforcing
bar at cover depth of 30 mm and at the center por-
tion do not occur as much as those in the concrete
over the reinforcing bars at cover depths of 5 mm
and 15 mm. This phenomenon might be attributed
to drying since from 7 days to 14 days, and the ef-
fect is more significant than in the case of the spec-
imens stored in indoors because the specimens
stored in outdoors were exposed to relatively high
temperature in summer. Furthermore, it indicates
that the concrete exposed directly to the environ-
ment which is concrete at the top layer is affected
significantly. After 14 days, increased time results
in lower total porosities. The volume of main pores
decreases, and the dominant pore size becomes
smaller indicating hydration proceeds. Empty capil-
lary pores because of the previous drying might be
re-filled with water supply from rainfall. As a re-
sult, the porosity becomes finer because hydration
proceeds. At 91 days, although the specimens were
exposed to different exposure conditions, the cumu-
lative pore-size distribution curves and the deriva-
tives of the curves for the specimens stored in out-
doors are almost the same as those for the speci-
mens stored in indoors. The same tendency as the
specimens stored in indoors is observed that the
dominant pore size for the concrete at the center
portion is smaller than that for the concrete at the
concrete cover indicating finer pore structure.

It can be seen clearly that deeper zone shows
finer pore structure for both specimens stored in
outdoors and indoors. If the pore structure of the
concrete cover is taken as the average over the
depth of the concrete cover, the pore structure of
concrete cover of 5 mm is the coarsest. The pore
structure of concrete cover of 5 mm is coarser than
that of concrete cover of 15 mm, and the pore struc-
ture of concrete cover of 15 mm is coarser than that
of concrete cover of 30 mm. The pore structure at
the center portion of the specimens is the finest. In
addition, with thinner concrete cover, the dominant
pore size becomes larger.
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3.3 Porosity for W/C=0.45

A similar set of results is presented in Figs. 10
and 11 for the corresponding 0.45 of water-to-
cement ratio. With lower water-to-cement ratio re-
sults in the lower total porosities. The same tenden-
cy is observed that although the changes in pore
structure over time vary depending on the exposure
conditions, the cumulative pore-size distribution
curves and the derivatives of the curves for the
specimens stored in outdoors are the same as those
for the specimens stored in indoors at 91 days. The
effect of the drying because of the high temperature
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in summer in the case of 0.45 of water-to-cement
ratio is not as significant as in the case of 0.60 of
water-to-cement ratio. It can be seen clearly that,
the insufficient concrete cover results in coarser
pore structure. However, as the water-to-cement
ratio was lower, the pore structures of concrete over
the reinforcing bars at cover depth of 5 mm, 15
mm, and 30 mm are almost the same, but they are
coarser than the pore structure at the center portion
of the specimens. The dominant pore size for the
concrete becomes smaller as the concrete cover is
thicker.
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3.4 Durability aspect for insufficient concrete

cover

As observed above, the thin concrete cover
cases have different properties compared to other
zones. The properties of the concrete over the rein-
forcing bar at cover depth of 5 mm are unknown.
By comparing the porosity of different water-to-
cement ratio, the equivalent properties are identi-
fied. To illustrate the equivalent properties, the
comparison of the pore structure is made between
the concrete over the reinforcing bar at cover depth
of 5 mm in the case of 0.45 of water-to-cement ratio
and the concrete at the center portion in the case of
0.60 of water-to-cement ratio. As shown in Fig. 12,
the properties of the thin concrete cover in the case
of 0.45 of water-to-cement ratio should be consid-
ered as the concrete properties with the water-to-
cement ratio which is higher than 0.60. Therefore,
when the concrete cover is insufficient, not only the
distance needed for the substances to reach the steel
bar becomes shorter, but also the pore structure be-
comes coarser than in the case of sufficient concrete
cover. It should be pointed out that the diffusion
coefficient increases exponentially with the water-
to-cement ratio. For comparison purpose, using
JSCE equation [18] given in Eq. (2), the diffusion
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coefficient for 0.45 of water-to-cement ratio is
0.892 cm?yr, while the diffusion coefficient for
0.60 of water-to-cement ratio is 2.606 cm?/yr. As a
result, the service life of the real structures becomes
shorten significantly.
log D¢ = -3.9(w/c)*+7.2(w/c)-2.5 2)

where D.: diffusion coefficient of concrete
(cm?/yr), wic: water-to-cement ratio.

4. Experimental program of non-destructive tests

4.1 Materials

Concrete mix proportions and fresh concrete
properties prepared for the non-destructive tests
were the same as those used for the MIP test given
in Table 1.

4.2 Preparation of specimens

To investigate the applicability of the air per-
meability test and electric resistivity test to evaluate
the concrete cover quality when the concrete cover
is insufficient, 22 cubic specimens, which were
eight plain concrete specimens with different water-
to-cement ratios and 14 reinforced concrete speci-
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mens with different water-to-cement ratios and cov-
er depths, were prepared. The experimental speci-
mens are listed in Table 2. The specimens were 200
mm x 200 mm x 200 mm in size as illustrated in
Fig. 13. As mentioned above, two water-to-cement
ratios were used which were 0.45 and 0.60 for both
plain and reinforced concrete specimens. In the case
of the reinforced concrete specimens, a deformed
steel bar of 19.1 mm diameter was embedded in
each specimen with different cover depths which
were 5, 15 and 30 mm. Cover depth of 5 mm was
selected to represent the extremely poor quality of
the construction and cover depth of 15 mm illus-
trated the poor quality of the construction. Mean-
while, cover depth of 30 mm represented the fairly
poor quality of the construction. It was assumed
that when the concrete cover is sufficient which is
more than 40 mm, the concrete properties of the
concrete cover might be the same as the those of the
center portion. To form a flat top surface, the spec-
imens were cast with the specimens orientated up-
side down illustrated in Fig. 13(b). The formwork
was filled in two equal layers, and every layer was
compacted for 5 seconds with a handheld concrete
vibrator.

The specimens were demoulded one day after
casting, wrapped in the wet clothes and cured for
seven days. At the end of the curing, the wet clothes
were removed, and the specimens were exposed to
different exposure conditions. Four plain concrete
specimens with different water-to-cement ratios and
seven reinforced concrete specimens with different
water-to-cement ratios and cover depths were kept
in the laboratory at a temperature of 20°C, while the
other four plain concrete specimens with different
water-to-cement ratios and seven reinforced con-
crete specimens with different water-to-cement ra-
tios and cover depths were stored in outdoors and
exposed to natural sunlight in Tokyo, Japan. Fur-
thermore, the temperature and relative humidity
were also recorded every hour using a temperature
and humidity data logger as shown in Fig. 3.

4.3 Experimental method using air permeability

test and electric resistivity test

In the Torrent’s method, a double-chamber cup
is attached to a concrete surface by vacuum, and air
in the pores of the surface layers of concrete, initial-
ly at atmospheric pressure, flows into the inner
chamber causing its pressure to gradually increase.
Based on a measured pressure growth and an as-
sumption on the relevant porosity of concrete test-
ed, the surface air permeability coefficient is calcu-
lated using Eq. (3).

57

Pa+dPiopr(tp) 2
Pa—APieff(tf)

ky = (%) 4
T = \a) 2¢p
a

where ky: coefficient of air permeability (m?),
V: volume of inner cell system (m%), A: cross-
sectional area of inner cell (m?), p: viscosity of
air (= 2.0x10-5 N.s/m®), &: estimated porosity
of the concrete cover (=0.15), P,: atmospheric
pressure (N/mz), APi: effective pressure raise
in the inner cell at the end of the test (N/m?), t;:
time (s) at the end of the test, t,: time (s) at the
beginning of the test. The air permeability test
was done at 7, 14, 28 and 91 days.

®)

The measurements of the electric resistivity
using the 4-point Wenner probe and the surface
moisture content were also conducted as shown in
Fig. 14. To measure the resistivity, the probe with
four equally spaced point electors was pressed onto
the concrete surface. The two outer electrodes in-
duce the current, while the two inner electrodes
measure the potential drop. The current flows
through a volume of concrete with a depth approx-
imately equal to the electrode distance a. The re-
sistance obtained via this method can be converted
to resistivity using a cell constant based on theoreti-
cal considerations using Eq. (4).

(4)

where a: the electrode spacing (cm), R = 4V/I
(Q), AV potential drop (V), I: current (A). In
this study, the electric resistivity test was used
to correct the air permeability coefficients [19-
20].

p=2maR

The importance of the moisture content of the
concrete on the measured gas permeability is well
known [21]. There is a possibility that the readings
of the air permeability coefficients are affected by
the in situ moisture content. To neutralize the effect
of the moisture content, the combination of the air
permeability test and electric resistivity test were
proposed by Torrent et al. [19]. As pointed out by
Kurashige et al. [20], the moisture content of con-
crete affects the measurement results of the Tor-
rent’s method. The air permeability test is just the
volume of open pore in concrete which increases
with moisture evaporation from concrete surface.
To correct the effect of moisture content of concrete
on the measurement results of the Torrent’s meth-
od, the electric resistivity test was conducted. To
measure the surface moisture content, the Tramex
concrete encounter moisture meter was used. At the
same time, the change in specimen mass was meas-
ured.
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Table 2 — Number of experimental specimens in each case (non-destructive tests)

Exposure W/C=0.45 W/C=0.60
Plain Reinforced concrete Plain Reinforced concrete
concrete  cover depth (mm) concrete  cover depth (mm)
5 15 30 5 15 30
Indoors 1 1 1 1 3 2 1 1
Outdoors 1 1 1 1 3 2 1 1
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(c) Concrete cover of 30 mm
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(d) Concrete at the center portion
Fig. 11 — The cumulative pore-size distribution curves and the derivatives of the curves for the series of 0.45
of water-to-cement ratio in the case of specimens stored outdoors
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Fig. 12 — The comparison of the cumulative pore-size distribution curves and the derivatives of the curves at
91 days between the concrete cover of 5 mm with 0.45 of water-to-cement ratio and concrete with 0.60 of
water-to-cement ratio

5. Results of air permeability test and elec-

tric resistivity test

5.1 Mass loss
The mass of each specimen was measured at 7,

14, 28, and 91 days to have some reference data on

The specimens in this series are 10 days
younger than those in the previous series. As shown
in Fig. 6, the temperature and relative humidity in
this series are almost the same as those in the previ-
ous series.
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the effect of rain and weather on the internal mois-
ture content. The mass at 7 days was used as the
original mass to quantify the mass loss or gain cal-
culated using Eq. (5).
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R

Reinforced concrete specmen
5 mm of cover depth

Reinforced concrete specimen Reinforced concrete specimen
15 mm of cover depth 30 mm of cover depth

(a) Detail of the specimens

Step 1: Step 2:

Casting direc-
tion Vibrator
‘m” 5s

(b) Casting procedure
Fig. 13 — Outline of experimental specimens for non-destructive test (units: mm)

(a) Air permeability test (Torrent) (b) Surface moisture
test
Fig. 14 — A set of non-destructive test proposed by Torrent et al. [19]
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Am=(mz-m)/m, (5)
where Am: mass loss ratio (%), m;: specimen
mass at 7 days (kg), m;: specimen mass at t

days (kg).

Figure 15(a) depicts the change in mass for all
specimens in the experimental room, while Fig.
15(b) depicts change in mass for all specimens kept
outdoors. Positive value means that the specimen
lost mass; while negative value means that the spec-
imen gained mass. All specimens stored in the ex-
perimental room were always decreasing in mass
indicating that all specimens indoors were exposed
to drying conditions, and the moisture in the speci-
mens was decreased over time. The moisture loss
behavior in the early stage of drying was high be-
cause larger pores evaporate quicker than the small-
er one. Meanwhile, all specimens stored in outdoors
were decreasing in mass from 7 days to 14 days
indicating drying conditions and the moisture in the
specimens was decreased. However, they were in-
creasing in mass after 14 days indicating the re-
wetting from the rainfall water, and the moisture in
the specimens was increased. All specimens show
that with lower water-to-cement ratio, the change in
mass becomes lower. This can be attributed to the
fact that when water-to-cement ratio decreases, the
pore network becomes finer.

5.2 Applicability non-destructive tests to evalu-

ate the insufficient concrete cover

Figure 16(a) and (b) shows the change of the
electric resistivities over time for all specimens
stored in indoors and outdoors, respectively. As
shown in Fig. 16(a), the electric resistivities for the
specimens stored in indoors increase over time. The
change in the electric resistivity over time for the
specimens stored in indoors is in the same trend as
the change in the mass over time. However, in the
cases of the specimens stored in outdoors, the
change in the electric resistivity over time is not in
the same trend as the change in the mass over time.
After 14 days, the masses increase over time indi-
cating re-wetting from rainfall water, while the
electric resistivities increase over time indicating
the drying condition. It indicates that the moisture
inside the concrete varies, and the electric resistivity
test cannot penetrate to the deeper zone of the spec-
imens.

Figure 17(a) and (b) shows the relationships
between the air permeability test and the electric
resistivity test results for all specimens stored in
indoors and outdoors, respectively, at 91 days. As
mentioned above, the electric resistivity test was
also conducted to correct the air permeability meas-
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urement as proposed by Torrent et al. [19]. Fur-
thermore, Torrent et al. [19] proposed the classifica-
tion of the concrete cover in Figs. 17(a) and (b).
The experimental results show that the air permea-
bility coefficients are in overall a good correlation
with the water-to-cement ratios. With lower water-
to-cement ratios, the air permeability coefficients
become lower indicating better quality of the con-
crete cover. In the case of the specimens stored in-
doors, the quality of the specimens with water-to-
cement ratio of 0.45 ranges from normal to bad,
while the quality of the specimens with water-to-
cement ratio of 0.60 ranges from normal to very
bad. On the other hand, in the case of the specimens
stored outdoors, the quality of the specimens with
water-to-cement ratio of 0.45 ranges from very
good to normal, while the quality of the specimens
with water-to-cement ratio of 0.60 ranges from
good to very bad.

The air permeability test roughly pointed out
the existence of the poor quality of concrete cover
in the cases of the insufficient concrete cover. The
air permeability coefficients in the cases of 5 mm
and 15 mm are higher than those in other cases. In
the case of 0.60 of water-to-cement ratio, the quali-
ty of the concrete cover of 5 mm and 15 mm for the
specimens stored indoors ranges from bad to very
bad, while the quality of the concrete cover of 5
mm and 15 mm for the specimens stored outdoors
ranges from normal to very bad. Meanwhile, in the
case of 0.45 of water-to-cement ratio, the quality of
the concrete cover of 5 mm and 15 mm for the
specimens stored indoors ranges from normal to
bad, while the quality of the concrete cover of 5
mm and 15 mm for the specimens stored outdoors
ranges from very good to normal. However, the air
permeability test results may overestimate the
quality of the concrete cover because the concrete
below the reinforcing bars where the concrete prop-
erties is better than the concrete over the reinforcing
bars might be included in the measurement. Be-
cause the concrete below the reinforcing bar might
be included in the measurement, the measured air
permeability coefficient might be lower than if the
test can measure only the air permeability coeffi-
cient of the concrete over the reinforcing bar.

Meanwhile, variations in the change of air
permeability coefficients over time are observed
due to different exposure conditions as shown in
Fig. 18. The air permeability coefficients increase
over time for the specimens stored in indoors. As
discussed by Kurashige et al. [20], the change in the
air permeability coefficients is affected by the mois-
ture evaporation from the concrete surface because
the moisture can block the air to flow into the
chamber.
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Fig. 19 — Surface moisture content over time

As depicted in Fig. 19 the surface moisture
content decreases over time indicating the moisture
evaporation from the concrete surface. However, in
the cases of the specimens stored in outdoors, the
air permeability coefficients increase from 7 days to
14 days, but after 14 days, the air permeability coef-
ficients decrease over time. The change in air per-
meability coefficients over time is not in the same
trend as the change in moisture content at the con-
crete surface in which the moisture at the concrete
surface decreases over time as illustrated in Fig. 19.
On the other hand, the change in the air permeabil-
ity coefficients of the specimens stored in outdoors
is in the same trend as the change in the mass over
time. From 7 days to 14 days, as the masses de-
crease from 7 days to 14 days, the air permeability
coefficients become higher. After 14 days, as the
masses increase over time, the air permeability co-
efficients become lower. It indicates that the mois-
ture inside the specimen is different from that of at
the concrete surface in the cases of the specimens
stored in outdoors. In this study, the moisture inside
the specimens also affects the air permeability test
in the case of the specimens stored in outdoors.

Based on this study, a combination of the air
permeability test and electric resistivity test is a
useful technique to evaluate the quality of the con-
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crete cover in the structures. However, the scatter-
ing results are observed in the plain concrete spec-
imens. Among all specimens with 0.60 of water-to-
cement ratio, there is one specimen that shows very
bad quality of concrete although they were pro-
duced under the same conditions. Because the scat-
tering might also occur in the real structure, it is
recommended to collect more number of data in the
future.

6. Conclusions

To investigate the quality of insufficient con-
crete cover, MIP test was conducted. In addition,
the air permeability test was carried out to verify
the applicability of this test method to investigate
the existence of the insufficient concrete cover. The
conclusions obtained from this research are as fol-
lows.

(1) Based on the MIP test, it is confirmed that in
the case of insufficient concrete cover, the
concrete properties in the concrete cover is dif-
ferent from that in center portion of the speci-
men in which the pore structure in this layer is
coarser than in the center portion of the speci-



(2)
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men. With thinner concrete cover, the pore
structure becomes coarser. As the water-to-
cement ratio decreases from 0.60 to 0.45, the
pore structure becomes finer, and the differ-
ence in the pore structure between the concrete
cover and the center portion becomes smaller.
However, the pore structure in the concrete
over the reinforcing bar is still coarser than that
in the concrete at the center portion. The dom-
inant pore size for the concrete at the center
portion is smaller than that for the concrete
cover indicating finer pore structure. It is con-
cluded that when the concrete cover is insuffi-
cient, not only the distance needed for the sub-
stances to reach the steel bar becomes shorter,
but also the pore structure becomes coarser. In
this study, for example, the properties of the
concrete cover in the case of 0.45 of water-to-
cement ratio should be considered as the con-
crete properties with water-to-cement ratio
which is higher than 0.60.

Although the changes in pore structure over
time vary depending on the exposure condi-
tions, the cumulative pore-size distributions
and the derivatives of the curves for the speci-
mens stored in outdoors are almost the same as
those of the specimens stored in indoors at 91
days. It is confirmed that as the concrete cover
is thinner, the change in pore structure in this
thin layer is affected directly by the environ-
mental condition. In the cases of the specimens
stored in indoors, the main capillary pore in the
thin layer is shifted to the bigger size which
might be attributed to the drying condition,
while the main capillary pore in the concrete
over the reinforcing bar at cover depth of 30
mm and at center portion is shifted to the
smaller size. In the cases of the specimens
stored in outdoors, the main pore peak in the
thin layer is shifted to the bigger size and large
pores appear which might be caused by the rel-
atively high temperature in summer from 7
days to 14 days. The large pores in the con-
crete over the reinforcing bar at cover depth of
30 mm and at the center portion do not occur
as much as those in the thin layer. After 14
days, the volume of main pores decreases and
the dominant pore size becomes smaller indi-
cating hydration proceeds.

The air permeability test roughly pointed out
the existence of the poor quality of the con-
crete cover in the cases of the insufficient con-
crete cover. The air permeability coefficients
in the cases of 5 mm and 15 mm of concrete
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cover are higher than those in the cases of
thicker concrete cover. Thus, a combination of
the air permeability test and electric resistivity
test is a useful technique to evaluate the quality
of the concrete cover.

(4) The MIP test and non-destructive tests show
the same tendency that poor quality of concrete
is observed when the concrete cover is insuffi-
cient. Based on the MIP test, with deeper zone,
the porosity becomes finer. The non-
destructive tests measure the concrete cover
quality as the average over a certain depth of
the measurement.
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