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� Changes in transport properties of concrete cover were monitored for three years.
� Applicability of non-destructive tests on concrete cover was compared.
� Effectiveness of a new simplified method, WIST, was verified.
� Correlation between carbonation rate and air permeability was increased with age.
� Aged concrete water sorptivity and carbonation rate were not correlated.
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This study investigated the effect of age on transport property measurements of concrete cover. Changes
in moisture contents, air permeability, and water sorptivity were monitored for three years by conduct-
ing non-destructive tests on surfaces of site-cast concrete box culverts and mock-up specimens.
Furthermore, carbonation rates in the specimens were measured. The results revealed that transport
properties measured by non-destructive tests were effective at detecting effects of cement types and cur-
ing periods on the carbonation progress. In particular, the air permeability coefficients of specimens with
lower moisture contents at later ages showed high correlation with the carbonation rates.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Deterioration of concrete structures is strongly related to the
ingress of aggressive agents from the surrounding environment
into the concrete and embedded steels [1–3]. Quality control of
concrete cover in construction works is crucial to ensure durable
concrete structures. Thickness and transport properties (perme-
ability, diffusivity, and water sorptivity) of the concrete cover are
two key parameters governing the durability of reinforced concrete
structures. Non-destructive test methods measuring the thickness
of concrete cover have already been established in some standard
specifications [2–6]. Furthermore, the necessity for test methods
estimating concrete cover quality has been discussed in the con-
text of performance-based durability design. Although strength
has traditionally been used as a good indicator of concrete quality,
lower correlation between strength and permeability has been
reported in some studies [1,3,7–9]. The lower correlation is often
caused by quality differences between structures and specimens
and between surface and inner concrete in the structures, aspects
that depend significantly on construction process such as com-
paction, curing and finishing. This strongly increases the demand
to develop non/semi-destructive test methods for on-site charac-
terization of concrete transport properties rather than mechanical
properties [1]. Numerous methods measuring air permeability and
water sorptivitiy on site have been proposed [1,2,10–13]. Under
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identical and controlled environmental conditions, it has been
reported that successful differentiation of the quality of concrete
cover is possible. This can also support research and development
pertaining to durability of concrete structures [14].

Measurements of transport properties are significantly affected
by the internal moisture condition of concrete [15–22]. Laboratory
tests have facilitated several preconditioning procedures to pre-
pare uniform moisture distribution in specimens [23,24]. On site,
the moisture content gradually decreases by drying with age and
changes in accordance with weather conditions. However, it is dif-
ficult to artificially control the moisture condition of in-situ con-
crete structures for the purpose of taking measurements [25,26].
Although a modification method neutralizing the moisture effect
on the measured transport properties has been proposed with
additional measurements of electrical resistivity related to the
moisture content on the surface of concrete structures [27,28], its
accuracy and feasibility are still arguable.

In general, the use of on-site measurements is recommended
after extended drying periods (i.e., at later ages) [20,21]. For exam-
ple, Romer [20] monitored the changes in measured air permeabil-
ity of 200 mm cubic specimens stored at controlled environmental
conditions at 20 �C and 35%, 70%, or 90% relative humidity (RH)
from the age of seven days to one year. Based on the recorded pres-
sure increase curves during air permeability measurements, one
month drying at low RH and three to four months drying at med-
ium RH were needed in order to reliably calculate permeability
coefficients. In addition, to avoid evaporative effects during mea-
surements, moisture contents of 5.5% or less measured by the elec-
trical impedance method were recommended [20]. This threshold
of maximum moisture content was accepted in the 2013 version
of the Swiss Standard SIA 262/1 [29]. Basheer and Nolan [21] inves-
tigated changes in air permeability and water sorptivity of concrete
block specimens (450 � 200 � 500 mm) for 18 months. One sur-
face of the specimens was fully exposed to weather conditions
while another surface was partially exposed to the environment
near a building [21]. For reliable measurements, the dried condi-
tion satisfying an RH below 80% of the near surface concrete was
needed. However, conclusions on the effect of the moisture condi-
tion remain indefinite.

The aim of this study was to investigate the effect of drying with
aging on on-site measurements of transport properties of concrete
cover. For this purpose, the change in transport properties on site-
cast concrete box culverts and mock-up specimens was monitored.
Long-term measurements over three years were planned to extend
the discussion from previous studies. Furthermore, the impacts of
cement type and curing period on measured values were analyzed.
The applicability of several non-destructive tests, including a new
method, was discussed after undertaking comparative investiga-
tions. Part of the data on air permeability measurements over
seven months were obtained from a previous publication [30]. This
paper presents a continued and detailed investigation with addi-
tional measurements.
2. Materials and methods

2.1. Concrete

Typical ready-mixed concrete for box culverts was manufac-
tured using ordinary Portland cement (OPC) in accordance with
standard JIS R 5210 [31] and blast furnace slag Type-B cement
(containing 30–60% slag in cement; also called BBC) in accordance
with JIS R 5211 [32], sand and coarse aggregate with a maximum
particle size of 25 mm. Themix proportions are provided in Table 1.
The strength class of the concretes was 24 MPa, conforming to
standard JIS A 5308 [33], and the required maximum water-to-
cement ratio (W/C) was 0.55. The target slump for the mixes was
80 mm; a powdered superplasticizer was added on-site to increase
the slump to 120 mm for the OPC and 150 mm for the BBC mixes.
The measured compressive strengths of cylindrical OPC and BBC
specimens after 28 days of water curing were 31.9 and 33.4 MPa,
respectively, based on standard JIS A 1108 [34].

2.2. Structure

Two concrete box culverts, N-box and B-box types, were con-
structed in Gunma Prefecture, Japan, as parts of new highway
structures. They were 35 m and 12 m long, respectively. The inte-
rior dimensions were 3.5 m high and 8.0 m wide for the N-box,
and 3.5 m high and 4.0 m wide for the B-box culverts (The outline
is shown in Fig. 1 and detailed geometry is presented in the Appen-
dix A). The top and bottom slabs, and the walls had a thickness of
500, 700, and 600 mm, respectively, in case of the N-box culverts,
and 400, 400, and 400 mm, respectively, in case of the B-box cul-
verts. The manufactured ready-mixed concrete was delivered and
cast on site, using boom concrete pumps. After removing the form-
work at the age of approximately one week, the internal and exter-
nal surfaces were sealed using plastic films for three months. The
interior surfaces of the walls were targeted for measurements in
this study. The average temperature and RH during a period of
three years, measured at the nearest meteorological observatory,
were 16.0 �C and 62.1%, respectively (see more details in the
Appendix B).

2.3. Specimens

Three mock-up specimens of the walls of the box culverts were
prepared for each structure. The mock-up specimens for the N-box
and B-box had a thickness of 600 mm and 400 mm, respectively.
Both the height and width of the all mock-up specimens was
1500 mm (Fig. 2). Reinforcement bars were embedded in a manner
similar to that for inner layers of the box culvert structures. They
were supported by 400-mm-high footing. After removing the
formwork at the age of one day, three curing conditions were
applied: (i) no curing after mold removal (no-curing, specimens
N-1d and B-1d); (ii) sealed curing without demolding until the
ages of five and seven days for N-box and B-box specimens, respec-
tively, based on minimum requirements in the standard specifica-
tion published by the Japan Society of Civil Engineers (standard
curing, specimens N-5d and B-7d); and (iii) sealed curing using
plastic films for three months, under the same conditions as the
structures (long-term curing, specimens N-3m and B-3m). There-
after, two large surfaces of 1500 mm � 1500 mm, namely the mod-
eled interior wall surfaces of the structures, were exposed to open
air while the other side and top surfaces were continuously sealed
to imitate one-dimensional moisture transport. The specimens
were located under roofs to simulate the dry interior surface of
the box culvert wall (i.e., without rainfall). Temporary roofs made
of tarpaulin were used for the first eight months on-site and then
the specimens were moved under a bridge girder for later mea-
surements. Since degradation rarely progresses without water,
the effect of rainfall needs to be discussed in future studies in
the context of durability with the ingress of aggressive agents.

2.4. Measurements

Non-destructive and semi-destructive tests were performed to
measure transport and other related properties of the concrete
cover over a period of three years as shown in Table 2. The mea-
surements were conducted at mid-height of the specimens and
at a height of 1 m of the inner wall of the box culverts. Because
of limitations by time, only selected measurements were applied



Table 1
Mix proportions of the tested concretes.

Cement W/C s/a* W (kg/m3) C (kg/m3) S (kg/m3) G (kg/m3) Add.** (kg/m3)

OPC 0.550 0.440 162 295 816 1029 2.803
BBC 0.525 0.430 159 303 795 1042 2.954

* Sand to aggregate ratio in volume.
** Air entraining and water reducing agent (09NL-P, Yamaso-Chemical Co., Ltd.).
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Fig. 1. Geometries of box culverts (N-box (left) and B-box (center)) and their overviews (right).

Fig. 2. Outline of specimens: under a tarpaulin until the age of eight months (left) and under a bridge girder thereafter (right).

Table 2
Measurement items and ages.

Age (months) Moisture content Air permeability Water sorptivity Carbonation depth

Surface Inner SWAT WIST ASTM

1.3 St., Sp. St., Sp. St., Sp.
2.6 St., Sp. Sp. St., Sp. St., Sp. St., Sp. Sp.
7.4 St., Sp. St., Sp. St., Sp.
13 St., Sp. St., Sp. St., Sp.
27 Sp. Sp. Sp.
37 Sp. Sp. Sp.
38 St. St. St.
39 Sp. Sp. Sp. Sp. Sp.

St.: Measured for structures (box culverts), Sp.: Measured for mock-up specimens.
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at certain ages. The moisture contents were measured non-
destructively on the concrete surface by the electrical impedance
method (CMEX II, Tramex Ltd., Ireland) at the ages of 1.3, 2.6,
7.4, 13, 27, and �38 months. At the age of 2.6 months, the internal
distribution of the moisture content across depth was additionally
measured in small drilled holes in the specimens using the electri-
cal resistivity method (HI-800, Kett Electric Laboratory, Japan).
Regarding transport properties, air permeability was measured
by the double chamber method (Permea-TORR, Materials
Advanced Services Ltd., Argentina) [12] with moisture content
measurements. Water sorptivity was measured by the surface
water absorption test (SWAT, Maruto Testing Machine Company,
Japan) [35] at the ages of 2.6 and �38 months and the water inten-
tional spraying test (WIST, JR Soken Engineering Co. Ltd., Japan)
[36] with the measurements of moisture content and air perme-
ability. Measurements by CMEX, HI-800, Permea-TORR, SWAT
and WIST were conducted at 6, 3, 6, 4, and 8 locations per element
at each age, respectively, and average values have been used in the
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discussion that appears later in this paper. To prevent mutual
interference (e.g., vacuum by Permea-TORR and water supply by
WIST and SWAT), different locations were selected for
measurements.

Similar to the initial surface absorption test (ISAT) [19] and
Autoclam sorptivity test [37], SWAT is a non-destructive test
method to measure capillary suction. In SWAT measurements,
the drop in water level by water absorption for a water cup of
80 mm diameter is automatically recorded with presser sensors.
WIST is a new simple non-destructive test used to measure capil-
lary suction using hand trigger spray bottles. WIST measurements
offer an indicator of water absorption by repeatedly spraying water
on the concrete surface till it is visually observed to flow over.

Furthermore, after non-destructive tests at 2.6 months, two
concrete cores were taken from the specimens to conduct the
water absorption test based on standard ASTM C 1585 [38]. Car-
bonation depth was measured by spraying a 1% alcoholic solution
of phenolphthalein on five drilled holes at the ages of 27 and
39 months. Wet drilling was conducted on only one surface while
the other was kept intact for long-term non-destructive tests with-
out water supply.

3. Results and discussion

3.1. Carbonation depth

Carbonation rates of specimens were calculated from measured
carbonation depths based on the following square root of time
theory.

x ¼ A
ffiffi

t
p

where x is the carbonation depth (mm) at time t (months) and A is
the empirical coefficient which describes the carbonation rates

(mm=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

months
p

). Fig. 3 shows measured carbonation depths and
Fig. 3. Carbonation progress as per the square root of time theory for OPC (left) and
BBC specimens (right).
calculated trend lines based on the square root of time theory.
The plotted carbonation depths were average values calculated
from five measurements.

The BBC specimens showed higher carbonation rates in open air
compared with the OPC specimens, in agreement with previous
findings [39–42]. In this study, the average rate for BBC was 1.6
times higher than that for OPC. Among the OPC specimens, the
advantage of long-term over standard curing was not observed,
while the ‘‘no-curing” regime increased carbonation rates (1.3
times higher than the others). On the other hand, in the case of
the BBC specimens, curing conditions greatly changed the carbon-
ation rates: long-term curing significantly reduced carbonation
rates (0.8 times that of standard curing and 0.5 times that of no-
curing).
3.2. Moisture content

The moisture content measured on the surface of the specimens
and structures gradually decreased over time as shown in Fig. 4.
The decreasing speeds were higher at earlier ages and for shorter
curing times. In addition, the rate of decrease was slightly lower
for the structures compared with the specimens. This result could
be explained by less moisture evaporation inside the box struc-
tures. After 27 months, the measured moisture contents were
almost constant, and the differences caused by curing conditions
were reduced. Regarding the cement type, the moisture contents
of the BBC specimens were always lower than those of the OPC
specimens. At the end of the measurements, the moisture contents
for BBC were around 0.7 times those for OPC.

The internal distributions of moisture contents measured in the
specimens at the age of 2.6 months are shown in Fig. 5. As
expected, the moisture contents decreased near the surface in all
specimens. Sealing using plastic films was not completely able to
prevent moisture evaporation because of on-site draft. Further, in
the no-curing specimens (N-1d and B-1d), the decreases were sig-
nificant up to 50 mm depth from the surface. Regarding the cement
type, the moisture contents of the BBC specimens were always
lower than those of the OPC specimens and they showed a rela-
tively rapid decrease near the surface, in agreement with surface
measurement results. The lower moisture contents of the BBC
specimens could be additionally explained by the mixture propor-
tion (smaller amount of unit water and lower W/C; see Table 1)
and the used slag cement increasing the electrical resistivity of
the concrete [43, 44].
3.3. Air permeability

The air permeability coefficients measured on the surface of
specimens and structures gradually increased over time and the
increases from 2.6 to 7.4 months were significant (Fig. 6). The dif-
ferences in the air permeability coefficients under different curing
conditions decreased over time. The increase in air permeability is
associated with the increase in the open pore content caused by
water evaporation [15,16,19–22] although aging usually causes
finer pore structures due to cement hydration. The measured air
permeability in the OPC specimens was typically lower than that
in the BBC specimens. Fig. 7 shows the relationship between air
permeability coefficients and moisture contents measured on the
surface of specimens and structures. In the OPC specimens, the
relationship was almost uniform for all specimens, so that the
change in air permeability coefficients was completely explained
by the changes in moisture content. However, in the BBC speci-
mens, the relationship of the no-curing specimen (B-1d) suggested
a large impact of the curing condition which caused its different
behavior.



Fig. 4. Changes in moisture contents measured on the surface of specimens and structures.

Fig. 5. Distribution of moisture contents over specimen depth after 2.6 months.

Fig. 6. Changes in air permeability coefficients measured on the surface of specimens and structures.

Fig. 7. Relationship between moisture content and air permeability measured on the surface of specimens and structures.
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Fig. 10. Relationship between the repetition number by WIST and air permeability
after 2.6 and 39 months.
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Fig. 8 illustrates the relationships between air permeability
coefficients at 2.6 and 39 months (shown in Fig. 6) and the carbon-
ation rates obtained from Fig. 3. The approximate lines for both the
OPC and BBC specimens at the same measurement ages indicate
high correlation coefficients. These coefficients show that the air
permeability coefficient is a good indicator for predicting carbona-
tion progress regardless of curing condition and cement type. The
correlation increases with air permeability at later ages because air
permeability measurements during sealed curing after 2.6 months
overestimated the carbonation resistance of the OPC concrete.
These results highlight the importance of drying conditions after
curing is complete for accurate measurements of air permeability,
although the measurements at the early age (e.g., 2.6 months), reg-
ulated by the Swiss Standard SIA 262/1 [29], also showed practi-
cally reasonable trends. As per Fig. 6, taking measurements after
6 months (3 months drying after curing) seems prudent to obtain
more accurate results. In addition, quantitative/absolute evalua-
tion using the measured air permeability (kT) should consider
the drying stages.
3.4. Water sorptivity

Water sorptivity was measured by three tests: surface water
absorption test (SWAT) [35], water intentional spraying test
Fig. 8. Relationship between air permeability and carbonation rate of specimens
after 2.6 and 39 months.

Fig. 9. Relationship between water sorptivity by SWAT and air permeability after
2.6 and 39 months.
(WIST) [36], and water absorption test based on standard ASTM
C 1585 [38]. Fig. 9 shows the relationship between the air perme-
ability coefficients and the amount of water absorption for 6 min
measured by SWAT at the ages of 2.6 and 39 months. The results
indicate high correlations. At the age of 2.6 months, the SWAT
measurements were less sensitive for concrete with low perme-
ability. Thereafter, at the age of 39 months, the correlation coeffi-
cient decreased because the water absorption of the specimens
with longer curing became higher than that of shorter-cured spec-
imens. A possible cause for this observation is the change in the
surface layer properties including micro cracking caused by drying
shrinkage or carbonation because SWAT measurements cannot
prevent the ‘‘skin effect,” unlike the double chamber method used
for air permeability measurements [12].

The repetition numbers measured using WIST showed high cor-
relation with air permeability coefficients measured after
2.6 months, as noted in Fig. 10. This verified the effectiveness of
theWIST technique as a simplified method for evaluating transport
properties of concrete cover. However, the correlation coefficients
decreased significantly over time. At the age of 39 months, the rep-
etition numbers did not explain the curing effects and they showed
a trend opposite to the one obtained for air permeability measure-
ments. The decrease in the correlation coefficients could be attrib-
uted to quality changes in the surface layer associated with
shrinkage and carbonation because WIST evaluates the quality of
Fig. 11. Relationship between the initial rate of water absorption after 2.6 months
determined by standard ASTM C 1585 and air permeability after 2.6 and 39 months.



Fig. 12. Relationship between initial water absorption after 2.6 months determined
by standard ASTM C 1585 and air permeability after 2.6 and 39 months.
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a thin layer within a few millimeters. The results suggest a limita-
tion of applying WIST to aged concrete structures.

The initial rate of water absorption of cylindrical samples, that
is, the slope of the line best fitted to water absorption against the
square root of time until 6 h, measured for the specimens at the
age of 2.6 months, did not show significant correlation with the
air permeability coefficients measured on the surface (see
Fig. 11). In the case of the OPC specimens, the water absorption
rates increased with increasing air permeability because of shorter
curing time. In the case of the BBC specimens, the curing effect was
not clearly observed, and the measured absorption rates were
much lower than those of the OPC specimens. Simultaneously,
the initial water absorption, that is, the y-intercept of the slope
of the initial absorption rate, showed higher correlation with air
permeability coefficients (see Fig. 12). The results clearly point to
the potential effects of the curing condition and cement type on
specimens prepared with the same W/C on the initial water
absorption.

4. Conclusions

This study monitored changes in moisture contents, air perme-
ability, and water sorptivity of concrete cover of site-cast concrete
box culverts and mock-up specimens over a period of three years
using non-destructive tests on concrete surfaces. Furthermore, car-
bonation and water absorption rates in the specimens were mea-
sured using drilling. The following conclusions are drawn based
on the above-mentioned measurements:

(1) The carbonation rates of the specimens were affected by
cement type and curing period, which is in agreement with
many previous reports. The BBC concrete with slag cement
showed higher carbonation rate in open air compared with
the OPC concrete with normal cement. The average rate for
BBC was 1.6 times higher than that for OPC. The curing peri-
ods had significant impact on the carbonation progress of the
BBC concrete.

(2) As many previous studies have reported, the air permeability
and water sorptivity coefficients measured using non-
destructive tests on the surfaces of specimens and structures
increased as the moisture content decreased over time. The
long-term measurements in this study indicated that it took
approximately twoyears to observe stable values,while signif-
icant changes were observed just after curing was complete.
(3) The measured air permeability and water sorptivity coeffi-
cients showed high correlation with the carbonation rates
in the specimens. The correlation with air permeability
coefficients increased over time; hence, later measurements
after drying are recommended. On the contrary, the correla-
tion with water sorptivity coefficients decreased over time.
This decrease was explained by changes to surface quality
caused by shrinkage and carbonation. Water sorptivity mea-
surements at early ages (e.g., after 3 months) are recom-
mended but the measurements at longer ages (e.g., after
3 years) are not. For early age measurements, in particular,
WIST showed an advantage given its simplicity. The age
threshold should be studied in more detail in future studies.

(4) The water absorption rate measured on the drilled core from
the specimens did not show high correlations with other
measured values. Simultaneously, the initial water absorp-
tion was a good indicator as it showed high correlation with
the air permeability coefficient.

The authors are in the process of performing detailed analyses
using mercury injection and other methods to further clarify the
mechanism of transport property changes in concrete under
various conditions. These future results will help interpret the
above-mentioned phenomena more comprehensively.
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Appendix A

Fig. A.1 shows the detailed geometries of the N-box and B-box
culverts.
Appendix B

Fig. B.1 shows the daily average temperature and relative
humidity measured at the nearest meteorological observatory dur-
ing this study. Temperature was measured at the Tatebayashi
Meteorological Observatory, which is located approximately 3 km
away from the site in the same city, and the relative humidity
was measured at the Kumagaya Meteorological Observatory,
which is located approximately 15 km away from the site. For
the first three months, detailed changes in temperature and rela-
tive humidity were recorded on the site every 10 min as shown
in Figs. B.2 and B.3.



Fig. B.1. Daily average temperature and relative humidity measured at the nearest meteorological observatory.

Fig. B.2. Detailed temperature changes for the first three months from October 20, 2014.

Fig. A.1. Detailed geometry of box culverts: N-box (left) and B-box (right).
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Fig. B.3. Detailed relative humidity changes for the first three months from October 20, 2014.
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