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1 Introduction

Most of the damage to reinforced concrete structures is due to a lack of durability rather than a lack of strength. The
cover concrete that protects the embedded steel material must be dense and sufficiently thick to limit mass transport of
deleterious substances for a concrete structure to be durable [1, 2]. In most situations, the quality and thickness of the cover
concrete determine the service life of the structure. For instance, scaling deterioration in a frost-damaged environment starts
from the surface of the concrete, so the surface layer concrete must also have sufficient scaling resistance. Because the quality
of the cover concrete is impacted not only by the mix composition but also by the concreting works (such as placement,
compaction, curing, etc.), it is more practical to test the obtained characteristics on the structure rather than individual cast
specimens. This has given rise to the increasing need to evaluate the quality of cover concrete of newly completed and existing
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structures by non-destructive testing. The quality of the cover concrete can be evaluated based on many properties such as
water permeability, air permeability and electrical resistivity [3, 4], etc. Since the deterioration of concrete structures is mostly
related to the penetration of water from the surface, studies on evaluating the quality of concrete based on the water
penetration resistance have been a primary focus [1-3, 5-12].

Water penetration is largely influenced by the action of capillary pores relating to pore diameters, pore
continuity/connectivity, tortuosity, and pore saturation degree. Furthermore, surface tension and viscosity, which are
influenced by factors like temperature, contribute a great deal to water penetration [13-15]. For a better understanding of how
mass transportation and the relating permeability parameters affect the service life of concrete, many investigations have
been conducted [16-19]. The relationship among the permeation rate of water into concrete, mix design, curing and degree
of drying was investigated and a simple equation to evaluate the water absorption in concrete was proposed [20]. Sakai et al
concluded that ‘as long as the amount of aggregate and mineral admixture are common, the sorptivity of concrete can be
evaluated with the water-to-binder content, curing and the degree of drying’ [20]. Zhang et al. showed from an NMR and
MIP results that the porosity of concrete increases with water-binder content [21]. Except for basalt fibre, the inclusion of
admixtures can effectively decrease the porosity of concrete [21]. Cement type, curing condition and age have also been
found to be significant determinants of chloride-ion penetration, porosity and permeability of the interface transition zone in
both mortar and concrete [22-25].

Evaluating the resistance to mass transfer of cover concrete has been performed using many nondestructive testing
methods [26-30]. The air permeability method by Torrent [26] is one of the most popular, widely accepted testing methods
and already established in the Swiss specification for evaluating the resistance to mass transfer of the cover concrete [1, 31].
Many researchers have reported good correlations between the air permeability coefficient KT and several concrete durability
parameters, such as the threshold radius from the MIP test [32, 33], and quality variation due to segregation of concrete [34].
Moreover, air permeability has proven to be effective in detecting the carbonation rate of concrete as well as the effects of
concrete composition on permeability [4, 35].

The main objective of this paper is to appraise the acceptability of the SWAT method by evaluating the correlation
between the newly introduced SWAT index — coefficient of surface water absorption (CSWA) and the Torrent’s air
permeability coefficient (kT) based on concrete specimens with variable compositions and properties such as cement types,
curing conditions, water-to-binder ratios, moisture conditions, ages at measurement, etc. The second objective of this paper
includes evaluating the relationship between CSWA and the previous/conventional SWAT indices such as the cumulative
water absorption and the rate of water absorption.

2 Evaluation of concrete quality by Surface Water Absorption Test (SWAT)

SWAT (Appendix Al) is a non-destructive and short-term (10 minutes) water absorption measurement device that
evaluates the quality of the cover concrete under natural dominant water suction [36, 37]. SWAT was developed by Hosoda
and Hayashi [36, 37]. The time for injecting water into the water absorption cup is 10 seconds and the conventional grading
index is termed surface water absorption rate (p) in ml/m?/s. Surface water absorption rate (p) derived its course from the
proposition by Levitt [38] on the theoretical derivation for initial surface water absorption (ISA) based on the Poiseuille law
that obtains the Poiseuille flow in micropore. The surface water absorption rate at 10 minutes (600 seconds) — psoo, iS given
by at ™, where a is the water absorption rate at 1 second, t is time in seconds and n is the reduction factor of the water
absorption rate.

Investigations have revealed that the SWAT method is effective in detecting the influence of curing conditions, cement
type, water-to-cement ratio, carbonation of concrete, and the effects of microcracks in covercrete quality [5, 36, 37, 39-42].
CSWA has a strong positive correlation with the destructive JSCE standard water sorptivity test results [43]. The approach to
CSWA (ml/m?/s*?) is the same with sorptivity which is determined from the gradient of the straight line obtained by plotting
the cumulative water absorption per unit area against the square root of time [41, 43].
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2.1 Fundamentals and influential factors of SWAT method
2.1.1  Water contact area

In a water absorption test, it is necessary to consider the effect of the area where water meets the concrete surface. It is
known that if the water contact area is extremely small, water absorption will be affected by the presence of coarse aggregate,
and the variation in measured results will increase. The diameter of the water absorption cup of the SWAT method is 80 mm
(Appendix Al (b)), and the water contact area is 5024 mm?, This satisfies the 5000 mm?2 minimum water contact area
recommendation in the ISAT method (BS 1881) [44] proposed by Levitt [38].

2.1.2  Water head and air bubbles

Unlike the Initial Surface Absorption Test — ISAT method (BS 1881) [44], the SWAT system does not require a constant
water head throughout the testing time. Because of this system, a previous study investigated the effect of the water head on
the measured results in the SWAT test method. The initial water heads were set at 200 mm, 200 mm, 300 mm, and 500 mm.
The finding (Figure 1) revealed no significant effect of varying the water head levels on the measured results [45].
Nonetheless, air may be entrapped in the process of injecting water into the water absorption cup. If so, the entrapped air
could move up to the calibrated cylinder and escape from the top of the cylinder during testing time, causing a drop in the
water level. To eliminate the possibility of such an effect, the structure of the water absorption cup is such that does not easily
entrap air. Besides, an effective method of injecting water to eliminate entrapping air such as non-rapid water injection should
be devised by the investigator.
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Fig. 1 — Effects of water head on SWAT results. (culled from [45])
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Fig. 2 — Contact angles between water absorption cup and concrete (a) 0 degree (b) 90 degrees (c) 167 degrees
2.1.3  Contact angle of measurement

The effects of three contact angles of measurement (Figure 2) — 0° (top of concrete slab), 90° (vertical face of a concrete
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wall and 167° (like the shoulder of a tunnel lining) were investigated using ordinary Portland cement concrete — 55% w/c
ratio [46]. No effect of these angles on the average amount of absorbed water (ml) and the absorption rate — psoo Was found
(Table 1) and it was concluded that SWAT can be conducted at various angles of the actual concrete structure [46].

Table 1 — Total absorbed water and psoo at different angles of measurement (culled from [46])

Specimen E Specimen E Specimen E Specimen E

Contact Total Total Total Total

Sin angle of Psoo ota Psoo ota Psoo ota Psoo absorbed
measurement (mi/mz/s) 20SOrDed oy absorbed o absorbed o noe T ater
water (ml) water (ml) water (ml) (ml)
1 90° 0.62 2.94 0.54 2.61 0.58 2.86 0.59 2.99
2 90° 0.62 3.01 0.53 2.61 — - 0.60 2.99
3 0° 0.63 3.06 - - - - 0.63 3.01
4 167° 0.63 3.37 0.62 2.76 0.58 2.81 0.57 2.96

2.1.4  Time-dependent deformation of silicon materials for water tightness and framed vacuum cell

When conducting a non-destructive surface water absorption test, it is necessary to place a sealing material between the
water absorption cup and the concrete surface to prevent water leakage. Depending on the method of attaching the water
absorption cup and the pressure exerted on the sealing material, continuous deformation during the water absorption test may
occur. In such deformation of sealing material, the volume of water inside the absorption cup changes which affects the result
of the water absorption test. In the SWAT system, a physical protrusion or stopper is provided in the vacuum cell for installing
the frame that holds the water absorption cup on the concrete surface. The frame is fixed by the protrusions meeting the
concrete surface to prevent continuous deformation of the sealing material (Figure 3). Also, the type of silicon material is
such that does not deform easily and could be readily replaced in any case of deterioration (Figure 3(b)).

silicon/
sealing material

protrusion/
stopper

(b)

Fig. 3 — Protection system against deformation of sealing material (a) vacuum cell frame, (b) replacement silicone
material

2.1.5 Time difference from water injection and the start of measurement

The water absorption rate reaches its maximum immediately after the start of the water absorption test and decreases
over time. Since water absorption into concrete starts at the time of contact with concrete before the start of measurement
time, changes in the time from the start of water injection to the start of measurement may affect the measurement results.
When the total water absorption during the test time or the water absorption rate at a specific time is used as an index, it is
necessary to pay attention to this effect. In SWAT, the measurement starting time is 10 seconds after the starting of water
injection. Fujiwara et al [45] investigated the effects of changes in time from the start of water injection to the start of
measurement on SWAT and confirmed that 10 seconds has no significant effect.

2.1.6  Surface moisture condition

Surface water absorption of in-situ concrete is highly affected by the moisture condition before the measurement due to
the existence of moisture gradient and the effects of initial surface moisture contents. Investigations have shown that the
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effect of moisture content is the greatest challenge and shortcoming for all in-situ cover-concrete measurement devices such
as autoclam water/air permeability, double chamber air permeability, electrical resistivity, etc. [3, 47]. SWAT device is not
excluded from this challenge as Ngo et al concluded that the effect of moisture content on SWAT is ambiguous [48].

Nonetheless, research advancing the applicability of SWAT by the author [5, 49, 50] have provided in-depth
investigations and confirmed the relationship between moisture condition (surface moisture contents and internal moisture
gradients) and SWAT results. The reports showed with quantitative values, the region (plateau region) where the degree of
saturation of concrete has virtually no effect on the measured results of SWAT (shown in Figure 4). With a multi-scale
thermo-hygro dynamic numerical simulation tool, it was further confirmed that the plateau region is composed of finer non-
continuous capillary pores, hence, evaluates the connectivity and continuity of the pore system in concrete [5]. The plateau
region was propounded as the initial surface moisture contents for effective evaluation of water resistance properties of
concrete when using SWAT [5, 49, 50]. This has been successfully applied by other researchers in evaluating the quality of
concrete and quantitative grading of in-situ concrete structures [51, 52].
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Fig. 4 — Effects of surface moisture content on SWAT results (culled from [46])
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Fig. 5 — 3-D versus 1-D surface water absorption rate (culled from [2])

2.1.7  Three-dimensional and one-dimensional water ingress

When a water absorption test is performed on the surface of a concrete structure, the water absorption phenomenon is
always in 3-dimensions. There is concern about the difference from the situation where water absorption is dominant in one
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dimension. For this reason, surface water absorption tests were performed at various locations on the surface of a full-scale
column test structure and concrete cores sampled from the test structure with adequate consideration of the moisture condition
to investigate the 3-D and 1-D effects [2]. Figure 5 shows the result for water absorption rates at 2 minutes [2]. Compared
to the 3-D water absorption rate performed on the surface of the structure, the 1-D absorption rate measured on the collected
core is about 0.9 times, which was concluded to be a small difference. The reason why the difference is small is that the water
contact area of the SWAT system is large enough [2].

Table 2 — Concrete mix proportion

Mix composition (kg/mq) Admixture (%)
s/n Name wic  wib sla Fine Coarse
of specimen (%) (%) (%) \water OPC BB FA Ad AE
aggregate  aggregate

1 N40-1D 40 — 45.0 160 400 - - 777 950 1.0 0.1875
2 N40-7D 40 — 45.0 160 400 - - 777 950 1.0 0.1875
3 N40-7W 40 - 45.0 160 400 - - 777 950 1.0 0.1875
4 N50-1D 50 - 47.0 160 320 - - 841 950 1.0 0.1985
5 N50-7D 50 - 47.0 160 320 - - 841 950 1.0 0.1985
6 N50-7W 50 - 47.0 160 320 - - 841 950 1.0 0.1985
7 N60-1D 60 - 48.5 160 267 - - 890 945 1.0 0.3000
8 N60-7D 60 - 48.5 160 267 - - 890 945 1.0 0.3000
9 N60-7W 60 - 48.5 160 267 - - 890 945 1.0 0.3000
10 N40-28D 40 - 45.0 160 400 - - 796 973 1.0 0.0015
11 N50-28D 50 - 47.0 160 320 - - 865 975 1.0 0.0015
12 N60-38D 60 - 48.5 160 267 - - 913 970 0.8 0.0015
13 BB50-28D 50 - 46.7 160 - 320 - 854 975 0.8 0.0015
14 FA41-28D 50 416 47.7 154 308 - 62 827 975 1.0 0.0045

N: ordinary Portland cement, BB: ground granulated blast furnace slag cement (JIS type B slag cement), FA: fly ash (JIS type 1)
Admixture types, Ad: water-reducing admixture, AE: Air entraining agent
Admixture dosage: percentage of admixtures to the binder, weight-to-weight ratio

3 Experimental programme
3.1 Materials

Concrete specimens were prepared using ordinary Portland cement (OPC) (as per JIS R 5210 [53]), blast furnace slag
type B cement (BB) (as per JIS R 5211 [54]) and type Il fly ash (as per JIS A 6201 [55]). The fine aggregate used was natural
silica pit sand and aggregate was crushed gravel of a 20 mm maximum size. An air-entraining agent (AE) and water-reducing
admixtures (Ad) were used for all the concrete. Tap water was used for the mixing.

3.2 Specimen specifications and pre-test conditioning

For this study, two different sizes of concrete specimens were cast following fourteen mixtures given in Table 2. The
concrete prisms were cured in several conditions to obtain variations in quality that will cover both poor and good quality.
The age of concrete at measurement was varied to obtain both young and matured concrete. Two experimental series, | and
11 were systematically conducted to include the effects of several moisture conditions. The concrete materials, size, mixtures,
and pre-test conditions/preparations for the experimental series | and 11 are discussed in 3.2.1 and 3.2.2 respectively.
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3.2.1  Specimens with internal moisture gradient (series 1)

A set of concrete specimens measuring 300 mm x 150 mm thickness x 300 mm height (Figure 6) was prepared to
investigate CSWA and kT on specimens with several kinds of internal moisture gradients and varying surface moisture
contents. In the set, 9 concrete mix designs of ordinary Portland cement (OPC) were prepared with the mixture proportions
~ serial number (s/n) 1 — 9 in Table 2. The water-to-cement contents were 40%, 50%, and 60%. Three curing conditions were
adopted. The curing conditions applied were 1D: 1 day in mould, 7D: 7 days in mould, and 7W: 1 day in mould + 6 days in
water. The specimens were named N40-1D (OPC + 40% wi/c + 1D), N50-1D (OPC + 50% wi/c + 1D), N60-1D (OPC + 60%
w/c + 1D), N40-7D (OPC + 40% w/c + 7D), N50-7D (OPC + 50% w/c + 7D), N60-7D (OPC + 60% w/c + 7D), N40-7W
(OPC + 40% w/c + 7W), N50-7W (OPC + 50% wi/c + 7W), and N60-7W (OPC + 60% w/c + 7W). Six specimens were
prepared for each mix design with M4 threaded electrode moisture sensors embedded (in pairs) in 3 specimens at different
locations from the surface. The M4 threaded electrode moisture sensors were embedded at 5 mm, 10 mm, 20 mm, 30 mm,
and 50 mm from the surface of the concrete to confirm the existence of internal moisture gradients prior to tests. The
specimens were kept in a controlled room ~ 20°C and 60% relative humidity until 60 days after the placing of the concrete.

Figure 7 details the experimental procedure for specimens in series I. At 60 days after placement, the prismatic specimens
were moved to 3 different relative humidity (RH) conditions (60%, 80% and 99.9%) for 1 or 2 days before starting
measurements. One specimen without an M4 sensor and one specimen with embedded M4 sensors from each mix design
were moved to each of the RH conditions. Test measurements were conducted every 2 days.
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Fig. 6 — Prismatic concrete specimens with internal moisture gradient (a) without M4 moisture sensor, (b) with M4
moisture sensors

3.2.2  Specimens preconditioned to uniform moisture contents (series I1)

A set of concrete prisms measuring 100 mm x 75 mm thickness x 100 mm height (Figure 8) was prepared to investigate
CSWA and KT on specimens with different degrees of uniform internal moisture and surface moisture contents. This specimen
size was selected to achieve equilibrium moisture conditions during preconditioning based on previous reports and works on
literature [50, 56]. Two cement types were used: ordinary Portland cement (OPC) and ground granulated blast furnace slag
cement (JIS type B slag cement). Also, JIS type Il fly ash (FA) was used as supplementary cementitious material (SCM)
replacing fine aggregate at 20% by volume of OPC. Five types of concrete were prepared with the mixture proportions ~
serial number (s/n) 10 — 14 in Table 2. The water-to-binder contents were 40%, 41.6%, 50%, and 60%. The curing applied
was 28 days in mould/sealed condition and the specimens were named: N40-28D (OPC + 40% w/c), N50-28D (OPC + 50%
wic), N60-28D (OPC + 60% w/c), BB50-28D (BB + 50% wi/c) and FA41-28D (OPC + FA + 41.6% wi/b). Twelve concrete
prisms were prepared for each mix design and were preconditioned to equilibrium moisture contents at several degrees. Six
prisms were prepared without M4 sensors for air permeability test while M4 threaded electrode moisture sensors were
embedded in 6 prisms for surface water absorption tests. The M4 threaded electrode moisture sensors were embedded (in
pairs) at different locations from the surface (5 mm, 25 mm, 37 mm, and 45 mm) to monitor the moisture profile during
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preconditioning (Figure 8(b)). To ensure sufficient hydration and avoid change in the microstructure due to preconditioning,
the specimens were kept in a controlled room (20°C and 60% RH) until 152 days before starting preconditioning and testing,
which lasted until 540 days from the time of placement.
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Fig. 7 — Experimental steps for series | specimens

To reduce preconditioning time while covering several degrees of equilibrium moisture condition and surface moisture
contents, the preconditioning of the specimens was done in two ways — desorption (wet-to-dry) and absorption (dry-to-wet)
processes. Besides the steps also appraised the effects of hysteresis on the test results, which, however, is not within the scope
of this paper.

(a) Preconditioning to moisture equilibrium at different moisture contents through a desorption process

For wet-to-dry preconditioning (desorption process), 3 specimens with sensors and 3 without sensors were saturated by
total immersion into water after which stepwise drying and moisture re-distribution was carried out. The steps for
preconditioning the specimens, which has been previously established by the author [50], is summarised below:

Saturating specimen by total immersion into water.

Sealing four sides with vinyl electric insulation tape to eliminate multi-lateral moisture transfer during conditioning
[57]. This enables unilateral and easy moisture redistribution to obtain uniform moisture content in the concrete.

Drying the specimen for 6 hours in a controlled chamber (40°C, 50% RH).
Sealing the two faces of the specimens with a layer of polythene sheet.

Returning the specimen to the controlled chamber (40°C, 50% RH) to allow for moisture redistribution and
attainment of uniform moisture.

Storing the specimen in a different enclosed chamber to allow for natural heat loss until a temperature between 20 -
250C is reached.
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(b) Preconditioning to moisture equilibrium at different moisture contents through an absorption process

To precondition the specimens and obtain equilibrium moisture at different moisture contents using an absorption process
(dry-to-wet), the pore void was emptied to the lowest possible degree by drying at a temperature of 40°C. This temperature
was selected to ensure that only the pore water was removed and to avoid generating microcracks. Three specimens with
embedded sensors and 3 specimens without sensors were used from each mix design. The steps for dry-to-wet preconditioning

are:

e Drying the specimen to a steady weight in a chamber at a temperature of 40°C

e Sealing four sides with vinyl electric insulation tape to eliminate multi-lateral moisture transfer. This enables
unilateral and easy moisture redistribution to obtain uniform moisture content in the concrete.

e Immersing specimen into water for 15 minutes.
e Drying faces with a towel.

e Sealing the two faces of the specimens with a layer of polythene sheet.

e  Putting the specimen into a controlled chamber (40°C, 50% RH) to allow for moisture redistribution and attainment
of uniform moisture.

e Storing the specimen in a different enclosed chamber to allow for natural heat loss until a temperature between 20 -
25°C is reached.
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Fig. 8 — Prismatic concrete specimens preconditioned to uniform moisture contents: (a) without M4 moisture sensor (b)
with M4 moisture sensors

3.3 Test methods and measurements

Surface moisture contents for both series of concrete specimens were measured with the electrical impedance moisture
meter — CMEX 1I, Tramex Ltd, Ireland. The moisture meter was selected because the relationship with Torrent’s air
permeability is well known. Also, the threshold for effective air permeability evaluation has already been established [31].
The internal moisture of the concrete specimens was measured by attaching the electrical resistivity moisture meter — HI-
800, Kett Electric Laboratory, Japan to the embedded M4 moisture sensors.

Air permeability test was conducted utilizing the commercial Torrent method (PermeaTORR AC model). The air
permeability method by Torrent has long been established as a Swiss standard- Swiss Standard SIA 262, “Concrete
Structures” [34]. The device automatically calculates the air permeability coefficient - kT (in 10"2*m2) employing an inbuilt
model [26, 35] which is computed by the following numerical formula — Eq. 1, and the maximum penetration depth L of the
Pa front is calculated by Eq. (2).
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where V¢: volume of the inner cell system (m?), Ai: cross-sectional area of the inner cell (m?), p: viscosity of air (=2.0 *10°°
N.s/m?), & estimated porosity of covercrete (=0.15), P,: atmospheric pressure (Pa = N/m2), APi: pressure rise in the inner
cell at time tr (Pa = N/m?), ty: time (s) at the end of the test (=360 s), to: time (s) at the beginning of the test (=60 s)

To ensure airtightness during measurements a clear perforated acrylic plate with a rubber seal (Figure 9) was used. For
series |, air permeability was conducted with moisture measurements on specimens without embedded M4 moisture sensors
and average results of four measurement points (shown in figure 6(a)) were used for the analysis. Also, air permeability was
conducted with moisture measurements on three replicate concrete prisms without embedded M4 moisture sensors for the
series 11 specimens (Figure 8(a)) and the average results were used.

Surface water absorption was conducted with moisture measurements on four measurement points (Figure 6(b)) of the
series | specimens with embedded M4 moisture sensors. The average CSWA deduced from the measurements was used for
the analysis. For series 11, the average CSWA obtained from three measurements on replicate prisms was used.

Inner and outer Perforated clear acrylic
chamber part late with rubber scal

Fig. 9 — Clear and perforated acrylic plate with rubber seal

4 Results and discussions
4.1 Moisture conditions before tests

The surface moisture contents of the specimens cover both wet and dry concretes as shown in Figure 10. Surface moisture
contents for series | specimens (Figure 10(a)) range from 4.5% to 6.8% while that of series Il (Figure 10(b)) ranges from 0%
to 6.9%. Just as expected, specimens exposed to 99.9% RH exhibited higher surface moisture contents (above 5.5% and
increase up to 6.9% with the passage of days) as the samples preconditioned through the desorption process (wet-to-dry path)
at the beginning and decrease down to 4.4% with the stepwise desorption preconditioning. The series | specimens exposed
to 60% and 80% RH showed surface moistures between 4.5% to 5.8% while the series Il specimens preconditioned by the
absorption process (dry-to-wet path) showed surface moistures between 0% to 3.8%. Although the initial surface moisture
contents for some specimens were above the upper thresholds for both Torrent’s permeability test [31] and SWAT [50], the
obtained kT and CSWA values were not excluded from the correlative analysis since Torrent’s test and SWAT have different
upper threshold values. This is also to provide an inclusive correlative evaluation that will accommodate the complex effects
of initial surface moisture contents and internal moisture gradients like structures in outdoor exposure.
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Fig. 10 — Variations in surface moisture content of concrete before tests by CMEX Il moisture meter, (a) specimens with
internal moisture gradients (b) specimens preconditioned to uniform moisture content
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Fig. 11 — Typical moisture distribution across the depth of concrete before tests by Kett HI-800: (a) specimens with internal
moisture gradients (b) specimens preconditioned to uniform moisture content

Figure 11(a) shows typical internal gradients of the series | specimens while Figure 11(b) shows the internal moisture
distributions of the series Il specimens. It can be seen from Figure 11(a) that exposing the concrete prisms to 60%, 80% and
99.9% RH conditions generated several kinds and degrees of internal moisture gradients, which were measured at 5 mm, 10
mm, 20 mm, 30 mm, and 50 mm across the 150 mm thickness. Just as expected, moisture content increases with an increase
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in the depth from the surface. The highest slope is between 5 mm and 10 mm depths and almost the same degree of moisture
at 30 mm and 50 mm depths for all the concrete types. Furthermore, the moisture contents from the cover zone to 10 mm
depth, which could be explained as the most influential depth on the test measurements, cover both wet and dry conditions.
Figure 11(b) is the confirmation of uniform moisture contents that were measured at 5 mm, 25 mm, 37 mm, and 45 mm from
the surface of the preconditioned concrete specimens (at different times and for many degrees of saturation) across the 75
mm thickness.

ON40-1D N40-7D N40-7W ON40-1D N40-7D N40-7W AN40-1D N40-7D N40-7W
N50-1D oON50-7D N50-7D N50-1D 0 N50-7D N50-7D N50-1D AN50-7D N50-7W
ON60-1D ON60-7D ON60-7W ON60-1D o N60-7D ON60-7W ANG0-1D ANG60-7D ANGO-7TW
ON60-10D ON60-10W ©N50-10D ON60-10D ©ON60-10W ©N50-10D ANG60-10D ANG60-10W AN50-10D
ON50-10W N40-10D N40-10W 0 N50-10W N40-10D N40-10W AN50-10W N40-10D N40-10W
BB50-10D ©BB50-10W 0O BB50-28D BB50-10D ©BB50-10W ©BB50-28D BB50-10D 4 BB50-10W ABB50-28D
OFA41-28D OFA41-28D A FA41-28D
0.75 0.75 700
@ y = 0.0009x + 0.0018 = y =0.0219x + 0.0044 o y =24.163x + 2.9629
T R?=0.9571 g R? = 0.9464 3 R? = 0.9884
= =424 = n-424 = n=424
2 = S 525 1
;E‘L°O.5O T C}%O.SO T ‘%E
[ I @ =
2 S | E
g = S 2350 1
2 2 © C
g 4 s 8
5025 1 S025 1 28
g g = 175 1
s 5 €
@ @ 3
< <
@ @
0.00 t t t t 0.00 t t 0 : :
0 150 300 450 600 750 0 ] _lO 20 30 0 10 20 30
Cumulative water absorption at 600 Coefficient of surface water Coefficient of surface water
seconds (ml/m?) absorption- CSWA (ml/m?/sect’?) absorption- CSWA (ml/m?/sec'/2)
(@) (b) ©

Fig. 12 — Relationship between SWAT indices (a) psoo Versus cumulative water absorption at 600 seconds, (b) psoo vVersus
CSWA (c) cumulative water absorption at 600 seconds versus CSWA

4.2 Relationships between SWAT evaluation indices

The relationships between different SWAT indices (the rate of water absorption versus cumulative water absorption, rate
of water absorption versus coefficient of surface water absorption, cumulative water absorption versus coefficient of surface
water absorption) are shown in Figure 12. For a more comprehensive evaluation, additional SWAT data from previous
investigations (for concrete samples with internal moisture gradients, composed of variable curing conditions, cement types,
specimen sizes, and ages at measurement) were added to the measurement results of the series | specimens of this study and
utilized for the analysis.

For a good system of quality evaluation of concrete, it is known that the use of the cumulative absorbed water during the
test, which is the most easily obtained index even by short-time measurement, is paramount. Nonetheless, care must be taken
as this index may easily be affected by the difference between the water injection time and the start of measurement time. It
could be inferred in Figure 12(a) that peoo has a positive and high correlation with cumulative water absorption like for figures
12(b) and 12(c) which revealed positive and strong coefficients of determination for the relationships between psoo and CSWA,
and cumulative water absorption and CSWA respectively.

4.3 Variation in test measurement time

As earlier mentioned, it is also necessary to consider the test measurement time for appropriately evaluating the water
absorption resistance of concrete. It was reported that in a relatively short water absorption test of about 10 minutes, there is
a correlation between the indices showing water absorption resistance obtained at different measurement times. For this
reason, the collection of the measurement results explained in section 4.2 above were applied to evaluate the influence of test
measurement time. Figure 13 shows the plot of water absorption rate at 10 minutes (psoo) Versus water absorption rate at 2
minutes (p120). As seen in the figure, a high correlation between peoo and pizo is confirmed. It validates that in the surface
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water absorption test of 10 minutes, the measurement time can be shortened without affecting the judgement of the measured
water resistance properties.

Fig. 13 — Relationship between rate of water absorption at 10 mins (psoo) and rate of water absorption at 2 mins (p120)
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4.4 Relationship between kT and CSWA

The average values of kT and CSWA obtained from concrete specimens with both internal moisture gradients and uniform

moisture distributions are shown in Figure 14. Figure 14(a) shows the results for specimens with internal moisture gradients
while Figure 14(b) is for the specimens preconditioned to uniform moisture content. The results revealed a strong positive
relationship between kT and CSWA. For specimens with internal moisture gradients, a high coefficient of determination - R?
= 0.767, was obtained for the approximation of the relationship by a power equation like for the specimens preconditioned
to uniform moisture distribution which revealed a coefficient of determination - R? = 0.7592. This high correlation validates
the acceptability of the SWAT for evaluating the transport properties of cover concrete.
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5 Conclusions

This study investigated the coefficient of surface water absorption (CSWA) measured by the Surface Water Absorption
Test (SWAT) and air permeability coefficient (kT) measured by the Torrent’s double chamber air permeability test of concrete
specimens at ages between 60 days to 540 days, produced with different cement types, water-to-binder ratios, curing
types/periods, and conditioned to many kinds of complicated moisture conditions exhibiting both internal moisture gradient
and equilibrium moisture contents. The results were analysed to validate CSWA as a quality grading parameter for non-
destructive testing of cover concrete. The summary of the findings and the conclusions obtained from the study revealed a
strong positive correlation between kT and CSWA. High coefficients of determination were obtained by approximate power
functions of the relationships for concrete specimens with internal moisture gradients and the ones preconditioned to uniform
moisture contents. The strong positive correlation validates the usability and acceptability of the CSWA SWAT index in
evaluating the resistance to mass transport properties of concrete at the cover zone. Furthermore, there are strong positive
correlations between SWAT evaluation indices. High coefficients of determination were obtained by approximate linear
functions of the relationships between cumulative water absorption (ml/m?) and rate of water absorption at 10 minutes (psoo),
cumulative water absorption (ml/m?), and coefficient of surface water absorption-CSWA (ml/m?/s*?), as well as the rate of
water absorption at 10 minutes (peoo) and coefficient of surface water absorption-CSWA (ml/m?/s'2). This validates that any
of the three indices could be effectively applied to evaluate the water-resistance properties of concrete. Also, a strong positive
correlation between the rate of water absorption at 10 minutes (psoo) and the rate of water absorption at 2 minutes (pizo). It
validates that in the surface water absorption test of 10 minutes, the measurement time can be shortened without affecting
the judgement of the measured water resistance properties.
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Appendix A. Figure A shows the detailed geometry of the SWAT device while table Al shows the conventional
criterion for quality grading of covercrete.
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Fig. A — Detailed geometry of SWAT device (a) system (b) details of absorption cup
(c) detail of attachment onto small specimen.

A.1. Covercrete quality grading table by SWAT

Quality
Index parameter -

Good Ordinary Poor
Psoo (MI/m?/s) <0.25 0.25-0.50 >0.50

CSWA (ml/m?/s*/?) 10 and below 11-20 > 20




