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This study clarifies the effects of moisture (expressed as percentage 
saturation degree of permeable pore voids, PSD) on water ingress 
properties of concrete and establishes a region where PSD 
does not affect the quantitative water absorption. Experimental 
measurements and finite element model (FEM) simulation results 
for ordinary portland cement (OPC) concretes preconditioned to 
equilibrium moisture formed plateaus between 21 and 58% PSD. 
Non-continuous finer capillary pores (ϕ10 nm [3.937 × 10–4 mil, 
thou] to ϕ100 nm [3.937 × 10–3 mil, thou]) constitute the empty 
pores within the plateau region before tests. Water sorptivity of 
OPC and slag cement concrete blocks at several degrees of surface 
moisture with internal moisture gradients validate the existence 
of the plateau within the PSD range. Measuring short-term water 
absorption within this plateau region eliminates the effects of initial 
surface moisture content on the measured properties and evaluates 
the continuity and connectivity of pores, which is the major indi-
cator of the durability of concrete.
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INTRODUCTION
To what degree the cover zone of concrete resists moisture 

ingress is of paramount importance regarding durability of 
in-place concrete structures. Notwithstanding that there is 
no universally accepted quantifier for the general durability 
performance of concrete, the resistance to water ingress is 
arguably one of the greatest quantifiers in durability design 
and assessment of concrete structures against the ingress 
of deleterious materials as well as the initiation of concrete 
deterioration.1 Regardless of the deterioration mechanism, 
water is needed to initiate almost all deterioration processes 
of concrete structures. Even the deteriorations that are 
inherent in the materials require water to begin.2,3

Many durability test standards such as ASTM C1585,4 
BS 1881 Part 207,5 and JSCE-G 5826 appropriately consider 
and evaluate the resistance to water ingress. Nonetheless, 
the quality of concrete in actual structures always differs 
from the design assumptions due to several effects resulting 
from concreting works; therefore, durability assessment of 
in-service concrete structures is important. The aforemen-
tioned test standards require drying concrete to a sufficiently 
steady weight and cannot be applied in-place. Resistance to 
water absorption has not been appropriately considered in 
the durability assessment of in-place concrete structures due 
to the ambiguous effects of moisture conditions. Moreover, 
covercrete, which is the channel for water infiltration, is also 
the most affected part by concreting works and is always 
different from the inner concrete.2,3,7,8

Surface water absorption largely depends on the action of 
the capillary pores resulting from the pore diameters, pore 

continuity/connectivity, tortuosity, and the degree of satura-
tion. Furthermore, surface tension and viscosity, which are 
influenced by factors such as temperature, contribute a great 
deal to water permeability.9-11 Short-term water penetration 
depth of concrete has an approximately linear relationship 
with the square root of immersion time.12 However, this 
is for concrete that is dried to a steady weight, seemingly 
unable to experience further moisture loss. In the literature, 
it is difficult to find an appropriate initial saturation degree 
of the pore system for effective evaluation of resistance 
to water ingress of in-place concrete structures. Also, the 
coupled influence of capillary pore size distribution and 
saturation degree on moisture transfer has not been clarified.

In an investigation of the relationship among the perme-
ation rate of water into concrete, mixture design, curing, and 
degree of drying, Sakai et al.13 propounded a simple equation 
to evaluate the water absorption in concrete. The equation 
assumed that water-binder ratio (w/b), curing, and degree of 
drying are dominant in water absorption. “As long as the 
amount of aggregate and mineral admixture are common, 
the sorptivity of concrete can be evaluated with the w/b, 
curing, and the degree of drying,”13 indicating an assump-
tion of a linear relation. Parrott14 showed that sorptivity was 
linearly correlated with the amount of water loss by drying. 
Maruyama15 indicated the influence of dried C-S-H on water 
absorption. The C-S-H is said to shrink on drying and swells 
on water absorption and its amount may considerably affect 
sorptivity. This might not be far from the finding that during 
water uptake in relatively dry concrete, water redistributes to 
smaller pores and at the same time results in more internal 
swelling, which reduces the connectivity of the capillary 
pore system, thereby lowering the water uptake.12 Using a 
nuclear magnetic resonance (NMR) test, Rucker-Gramm 
and Beddoe12 revealed that water in gel pores decisively 
affected the transport of water in larger capillary pores.

Yokoyama et al.16 concluded that “water absorbency of 
concrete slabs is affected by the quantity of pores with diam-
eters of approximately 10–7 m (100 nm [3.937 × 10–3 mil, 
thou]) and larger, while water content depends on the quan-
tity of pores with diameters of approximately 10–8 m (10 
nm [3.937 × 10–4 mil, thou]) and smaller.” In a study of the 
relationship between the degree of drying and oxygen diffu-
sion coefficient in hardened cement paste, results showed 
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that between 15 and 45% relative humidity (RH), RH had no 
virtual effect on the oxygen diffusion coefficient (De–m2/s).17

Surface water absorption of in-place concrete is highly 
affected by the moisture condition before the measurement 
and specimen preconditioning influences sorptivity.18,19 
Also, moisture content of in-place concrete is not uniform 
and always exhibits moisture gradient. The effect of moisture 
content on measured properties of concrete is the greatest 
challenge and limitation for all the in-place measurement 
devices2,3 such as Autoclam water/air permeability, double-
chamber air permeability, electrical resistivity, surface water 
absorption test (SWAT), and so on. In this study, experimental 
investigations and numerical simulations are conducted and 
the surface moisture content is expressed as a percentage 
saturation degree of permeable pore voids (PSD), which is 
directly related to the volume of pore voids of the concrete.

RESEARCH SIGNIFICANCE
Many design methods evaluate the resistance of concrete 

to water ingress, but none have been effective for in-place 
concrete durability assessment due to the complex effects 
of moisture conditions. The effects of initial moisture 
contents on surface water absorption tests have been deeply 
researched without any proposal of the appropriate initial 
moisture contents for effective nondestructive assessment. 
This is the first detailed study clarifying the effects of mois-
ture content on the resistance to surface water absorption for 
in-place concrete with a proposal of an appropriate initial 
surface moisture content that excludes the effect of moisture 
contents on the measured properties.

EXPERIMENTAL INVESTIGATION
Materials

Table 1 summarizes the different types of concretes used in 
this study, which were selected from among commonly used 

concretes in Japan. Prismatic concrete specimens with 300 x 
300 mm (11.811 x 11.811 in.) area and 150 mm (5.91 in.) 
thickness were prepared with ordinary portland cement 
(OPC) and slag cement (JIS Type B slag cement). The 
concrete specimens were prepared in two sets and were kept 
in a controlled room condition of 20°C (68°F) and 60% RH 
after curing until the absorption test preparation time. The 
first set is composed of three concrete types and is marked 
“‡” in Table 1, while the second set is composed of eight 
concrete types. The names of the specimens were coded 
to portray cement type, water-cement ratio (w/c), and type 
of curing. The curing conditions applied were 7D: 7  days 
sealed in mold, 10D: 10 days sealed in mold, and 10W: 1 day 
sealed in mold + 9 days in water after removing the mold. 
The procedure for fabricating the concrete test specimens 
in the laboratory followed the ASTM C192/C192M-02 stan-
dard practice. The concrete specimens were rodded with 
tamping rods while the molds were made of nonabsorbent 
smooth wooden form. All tests were conducted on the form-
work finished surface of the concrete specimens.

Experimental methods
Preconditioning of moisture condition—To investigate the 

effects of saturation degree of pore voids on the resistance to 
water ingress, concrete cores of ϕ100 mm (ϕ3.94 in.) were 
taken along the 150 mm (5.91 in.) thickness at the age of 
510 days from selected prismatic specimens (marked with 
“‡” in Table 1). The concrete needed a sufficient hydration 
degree to eliminate the possibility of microstructural change 
during preconditioning. The extracted cores were sliced, 
and two specimens were provided with 45 mm height and 
with the formwork-finished face (Fig. 1). To achieve mois-
ture equilibrium inside the specimens at several saturation 
degrees of pore voids, the sliced specimens were precondi-
tioned in a controlled humidity chamber (40°C [104°F] and 

Table 1—Summary of concrete mixture proportions and curing conditions

Name of specimen w/c, % s/a, %

Mixture composition, kg/m3 Admixtures

Curing

Cement Aggregate

Type* Dosage†Amount Type Fine Coarse

N40-7D‡ 40 45 400 N 777 950 Ad-AE 1.1875 7D

N50-7D‡ 50 47 320 N 841 948 Ad-AE 1.1985 7D

N60-7D‡ 60 48.5 267 N 890 945 Ad-AE 1.3 7D

N40-10D 40 45 400 N 776 948 Ad-AE 1.1025 10D

N50-10D 50 47 320 N 840 947 Ad-AE 1.0025 10D

N60-10D 60 48.5 267 N 890 945 Ad-AE 1.0025 10D

BB50-10D 50 47 320 BB 831 937 Ad-AE 1.025 10D

N40-10W 40 45 400 N 776 948 Ad-AE 1.1025 10W

N50-10W 50 47 320 N 840 947 Ad-AE 1.0025 10W

N60-10W 60 48.5 267 N 890 945 Ad-AE 1.0025 10W

BB50-10W 50 47 320 BB 831 937 Ad-AE 1.025 10W
*Admixture types: Ad is water-reducing admixture; AE is air-entraining agent.
†Admixture dosage: percentage of admixtures to binder, weight-to-weight ratio.
‡Specimens from which cores were taken and preconditioned to equilibrium moisture distribution.

Note: N is ordinary portland cement, BB is slag cement (JIS Type B slag cement).
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50% RH). The sealing materials and preconditioning steps 
have previously been established by the author20 and can be 
summarized as follows:
•	 Saturating specimen by total immersion into water;
•	 Sealing the lateral sides with vinyl electric insulation 

tape;
•	 Drying the specimen to obtain the desired weight;
•	 Sealing the two faces of the specimen with a layer of 

polythene sheet;
•	 Returning the specimen to the controlled chamber to 

attain moisture equilibrium; and
•	 Storing the specimen in a different closed chamber to 

allow natural heat loss until the specimen is cooled 
down to approximately 20 to 25°C (68 to 77°F).

To investigate the sorptivity of concrete with moisture 
gradient such as in in-place concrete structures, eight kinds 
of prismatic specimens (without the “‡” mark in Table 1) 
were provided without the preconditioning mentioned previ-
ously. During the placement of concrete, moisture sensors 
were embedded (in pairs, 10 mm apart) at 5, 10, 20, 30, and 
50 mm (0.197, 0.394, 0.787, 1.181, and 1.969 in.) depths 
from the surface (Fig. 2) to monitor the moisture gradient 

in the specimens by attaching a moisture meter (electric 
resistance type) to the sensors. A moisture sensor is a set of 
stainless direct-current-type (φ 4 mm [0.157 in.]) threaded 
rods that are embedded in pairs into the concrete to serve 
as the connecting electrodes to the moisture meter. It has an 
effective area of 4 mm diameter. To eliminate cracks due to 
the embedding of the moisture sensor in the very shallow 
concrete cover of 5 mm (0.197 in.), the moisture sensor for 
the 5 mm (0.197 in.) depth was embedded from the back 
(Fig. 2). The output of the moisture meter is expressed in 
moisture content or in “count values,” and the investigated 
relationship between the two outputs is shown in Fig. 3. It 
was previously confirmed that count values have an inverse 
relationship with electric resistance.21

To simulate many kinds of complicated internal moisture 
distribution and surface moisture contents for concrete in 
outdoor environments, at 90 days after the placement, the 
second set of concrete blocks were exposed to 60, 80, and 
99% RH for a varying number of days. Three same specimens 
were provided for eight types of concretes shown in Table 1, 
and three specimens were exposed to different RH to obtain 
various kinds of moisture distribution. Measurements of 
surface moisture content and surface water absorption were 
conducted daily until 14 days from the exposure date using a 
surface moisture meter and SWAT device, respectively.

Measurement of percentage saturation degree of pore 
voids, PSD—PSD is measured using an electric resistance 
moisture meter by pressing the device onto the concrete 
surface; the results are expressed in count values. The 
surface moisture tester has an built-in hard-rubber-type 
sensor that measures when in contact with the surface of 
concrete. The advantages of this surface moisture meter 
over others is the ability to access both the pore water and 
the pore connectivity during measurements and the capacity 
to measure moisture content up to the depth of 5 mm from 
the surface.22 Figure 4 shows the relationship between PSD 
and count values measured with the surface moisture meter 
in a documented preliminary investigation.20 The scatter 
plot showed a strong positive correlation between PSD and Fig. 1—Extraction of test samples used in preconditioned 

state.

Fig. 2—Details of M4 moisture sensor locations in concrete blocks.
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moisture meter count values. The scatter plot was obtained 
from many kinds of concretes preconditioned to equilibrium 
internal moisture distribution.

Surface water absorption test procedure—For the samples 
preconditioned to equilibrium moisture distribution, two 
replicate samples (Fig. 5(a)) were tested by the SWAT to 
investigate the resistance to water ingress. Similarly, for the 
second set of concrete blocks without equilibrium moisture 
preconditioning, the average result from four measurement 
points (Fig. 5(b)) is used to obtain both the water sorptivity 
and count values.

The resistance against water absorption is expressed as the 
coefficient of surface water absorption, CSWA (mL/m2/s1/2).  
CSWA can be obtained from the slope of the approximate 
linear regression between water absorption amount and the 
square root of time. The author recently introduced the CSWA 
index and confirmed its correlations with the JSCE-G 582 
sorptivity test results.8

SWAT (Appendix A) is a nondestructive device that eval-
uates the quality of covercrete in 10 minutes under natural 
water suction.23,24 SWAT is composed of a fully automatic 

machine unit, an absorption cup (80 mm inner diameter 
and 100 mm outer diameter) with a calibrated cylindrical 
tube, water inlet and tap, a sensor, a framed vacuum pump 
for fixing or fixing clamp for small specimens, and a water 
container. The SWAT system does not require a constant 
water head throughout the testing time and the time for 
injecting water into the water absorption cup before test 
is 10  seconds. SWAT has been proven to be effective in 
detecting the influences of curing conditions, mixture 
proportions, and the adverse effects of microcracks in cover-
crete quality within 10 to 20 mm (0.394 to 0.787 in.), which 
is the most affected by concreting works.8,22-26 The rate of 
surface water absorption at 10 minutes (where the time for 
injecting water into the cup for measurement preparation is 
10 seconds) measured by SWAT is termed p600 (mL/m2/s) and 
the criterion for the conventional quality grading is shown in 
Table A1 of Appendix A. CSWA has a good correlation with 
p600.8 Besides, good correlations have been demonstrated 
between p600 and long-term water penetration depth,25 as 
well as the carbonation rate coefficient of concrete.27

Fig. 4—Relationship between PSD and HI-100 moisture 
meter count values.

Fig. 5—Measurement of water sorptivity of concrete by SWAT device: (a) sample pre-conditioned to equilibrium moisture 
distribution; and (b) concrete block with internal moisture gradient.

Fig. 3—Relationship between count values and percentage 
values of HI-800 moisture meter.
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NUMERICAL SIMULATION
Simulation tool—To investigate the effective pore diam-

eter available for water transport at different percentage 
saturation degrees of pore voids, numerical simulation was 
used. A commercial, multi-scale and thermo-hygro dynamics  
analysis software, Durability of COncrete Model 
(DuCOM),28,29 is used to model water absorption and is 
thereafter applied in the porosity estimation and pore size 
distribution of the samples preconditioned to equilibrium 
moisture. DuCOM is capable of predicting the hydration of 
cement and its densification by continuous hydration of the 
unhydrated cement particles.28,29 The hydration of cement 
particles and moisture transport are inherently coupled 
during microstructure development and pore structure 
formation.29 DuCOM applies the computational prediction 
of the pore structure of the matrix as a basis for moisture 
transport computation. Each capillary and gel porosity 
distribution, ϕcp(r) and ϕgl(r), is represented as

	 V = 1 – exp(–Br), dV = Br exp(–Br) dlnr	 (1)

where V is the fractional pore volume of the distribution up 
to pore radius r; and B is the peak distribution in a loga-
rithmic scale of the sole porosity distribution parameter.

The overall microstructure is represented as a bimodal 
porosity distribution through the combination of the inner 
and outer product contribution to the total porosity function 
ϕ(r) as

	 ϕ(r) = ϕlr + ϕgl(1 – exp(–Bglr)) + ϕcp(1 – exp(–Bcpr))	 (2)

where Bgl and Bcp correspond, respectively, to the gel and 
capillary porosity components.

Boundary conditions for water movement in DuCOM—
To establish effective modeling, appropriate meshing and 
boundary conditions in numerical simulation are neces-
sary. In this research, at first, one-dimensional (1-D) domi-
nant water movement was simulated and validated by 
experimental results for calibrating appropriate boundary 
conditions. One-dimensional water sorptivity results from 
cylindrical samples (ϕ100 x 200 mm) were used to deter-
mine appropriate boundary conditions for water move-
ment during absorption by simulation. The measurements 
were conducted based on JSCE-G 582.6 Twenty-five mm 
(0.984  in.) surface zone from the bottom of the specimen 
was removed and the final test sample was ϕ100 mm × 
175  mm (ϕ3.937 x 8.890  in.). Second, three-dimensional 
(3-D) water movement by SWAT—that is, the water  
penetration depth at 10 minutes of absorption, which cannot 
be measured experimentally—was simulated using the 
established and validated meshing and boundary condi-
tions from the 1-D dominant water movement results. In 
the DuCOM system, a magnification factor is applied (espe-
cially in short-time water movement) for the vapor transfer 
coefficient. Based on the parametric investigations for the 
surface water absorption, four times the magnification factor 
of the vapor transfer coefficient for RH = 99.99% is selected 
to account for the transference of condensed water from the 
surface to the concrete.

Three types of concrete prepared with OPC and slag 
cement (JIS Type B slag cement) were used. The amount 
of water (kg/m3 [lb/ft3]) for mixing was kept constant at 
160  kg/m3 (9.988 lb/ft3) for all the concrete types. Two 
different w/c contents (40 and 50%) for the OPC concretes 
were obtained by varying the amount of cement. The curing 
type was sealing in the mold for 28 days. The specimens 
were named N40-28D for OPC + 40% w/c, N50-28D for 
OPC + 50% w/c, and BB50-28D for slag cement + 50% w/c. 
The concrete mixture proportions are:
•	 N40-28D – sand/aggregate ratio = 45%, cement =  

400  kg/m3 (24.971 lb/ft3), fine aggregate = 796 kg/m3 
(49.693 lb/ft3), coarse aggregate = 973 kg/m3 (60.742 lb/ft3),  
Ad is water-reducing admixture = 1.0, AE is air-en-
training agent = 0.0015 entrained air content 5.6%.

•	 N50-28D – sand/aggregate ratio = 47%, cement = 
320 kg/m3 (19.977 lb/ft3), fine aggregate = 865 kg/m3  
(54.0 lb/ft3), coarse aggregate = 975 kg/m3 (60.876 lb/ft3),  
Ad is water-reducing admixture = 1.0, AE is air- 
entraining agent = 0.0015 entrained air content 4.9%.

•	 BB50-28D – sand/aggregate ratio = 46.7%, cement = 
320 kg/m3 (19.977 lb/ft3), fine aggregate = 854 kg/m3  
(53.313 lb/ft3), coarse aggregate = 975 kg/m3  
(60.867  lb/ft3), Ad is water-reducing admixture = 0.8, 
AE is air-entraining agent = 0.0015 entrained air content 
3.5%.

Sample preparations according to JSCE-G 582 started 
60  days after casting. Details of the experimental steps, 
conditions, test preparations, and results are documented by 
the author.8 Figure 6 shows the meshing details of the model.

COMPARISON OF SIMULATIONS AND 
EXPERIMENTAL RESULTS

Water penetration depths at 5, 24, and 48 hours for 
BB50-28D are shown in Fig. 7(a) through (c) while the 
effectiveness of the boundary condition on the 5 hours of 
water penetration depth is shown in Fig. 7(d). The penetra-
tion depth is determined as the first point where the differ-
ence in saturation degree of pore voids before and after water 

Fig. 6—Model of JSCE-G 582 test specimen.
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absorption equals zero. As for experiments, moisture penetra-
tion depth is determined by spraying a color-differentiating 
water detector that conforms to NDIS 3423 specifications. 
The measured and simulated results for the three concrete 
types (N40-28D, N50-28D, and BB50-28D) are compared 
in Fig. 8(a) through (c). A high coefficient of determination, 
R2 = 0.9438 (Fig. 9), was obtained from the approximation 
of the relationship between measured and simulated results 
for water penetration depth by a linear function. This high 

correlation validates the simulation model for evaluating 
water penetration depth in a 1-D dominant water movement.

The simulation model was applied to investigate the 
3-D water ingress of the concrete samples (preconditioned 
to uniform moisture distributions and measured at several 
PSDs). The meshing was shown in Fig. 10 where 2 mm thick 
meshes were used up to 10 mm from the surface in the depth 
direction (z-direction) for a precise simulation of absorption 
amount. Also, 2 mm thick mesh sizes in the y-direction were 
made beyond the inner ϕ80 mm circle (which represents the 

Fig. 7—Numerical modeling of water sorptivity—depth of water penetration for BB50-28D specimen: (a) 5 hours; (b) 24 hours; 
(c) 48 hours; and (d) effects of RH.

Fig. 8—Average depth of water penetration of concrete from experiment and numerical simulation: (a) N40-28D; (b) N50-28D; 
and (c) BB50-28D.
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SWAT water cup) to evaluate the effect of 3-D water ingress. 
For the experiments, CSWA is the slope from an approxi-
mate linear regression obtained by plotting the cumulative 
water absorption per unit area against the square root of time 
(in seconds), whereas CSWA in the numerical simulation is 
deduced from the cumulative water absorption calculated by 
considering all the output parameters (physically adsorbed 
water, free water, and water fixed in hydrates) for moisture 
transfer in the DuCOM tool.

RESULTS AND DISCUSSION
Influence of pore void saturation degree on water 
absorption for concrete with uniform moisture 
distribution

The effects of PSD on water sorptivity for the simulated 
and measured values are shown in Fig. 11(a) and (b). A good 
agreement is observed when values obtained from the simu-
lation model are compared to the experimental results. It is 
seen that three regions are formed (indicated as A, B, and C) 
as illustrated in Fig. 12. Similar trends were seen in regions A 
and C. It was revealed that the water sorptivity obtained from 
10 minutes of measurement exhibited a near-linear inverse 
relationship with PSD for all the samples in the two regions. 
From the experimental results, region A was between 0 and 
20% PSD for all the concrete types, whereas region C was 
46% PSD and above for N60-7D, 51% PSD and above for 
N50-7D, and 59% PSD and above for N40-7D. According 
to the increase in PSD, water sorptivity decreased in regions 
A and C. On the other hand, from simulation results, while 
all the concrete types revealed 0 to 20% PSD in region A, 
region C for N40-7D was 51% PSD and above, and region C 
for N50-7D and N60-7D was 54% PSD and above.

A different trend from regions A and C was observed 
in region B. From the experimental results, between 21% 
PSD and 45% PSD, PSD was seen to have almost no influ-
ence on water sorptivity for N60-7D. In the same way, the 
plateau zone was observed between 21% PSD and 50% PSD 
for N50-7D, and 21% PSD and 58% PSD for N40-7D. The 
simulation results showed a plateau zone at 21% PSD to 50% 
PSD for N40-7D, and 21% PSD to 53% PSD for N50-7D 
and N60-7D. Experimental results revealed that the range of 
region B (plateau zone) increases with a decrease in the w/c. 
This means that the volume of pore diameters related to the 
plateau region increases with a decrease in the w/c content, 
indicating an increase as the quality of concrete improves. 
The plateau region is caused by the discontinuity in the pore 
connections that resulted from instant rapid absorption and 
moisture redistribution during water absorption at region A. 
The discontinuous pores require a longer time for the satura-
tion of pore voids. This is evident in Fig. 13, where the simu-
lation results of 6 hours of surface water absorption revealed 
the disappearance of the plateau region. More discussion on 
different water absorption mechanisms that resulted in the 
three regions is in the subsection that follows.

Fig. 9—Relationship between measured and simulated 
results for depth of water penetration.

Fig. 10—Model of sample preconditioned to equilibrium 
moisture distribution.

Fig. 11—Water sorptivity of concrete against PSD: (a) CSWA versus PSD; and (b) p600 versus PSD.
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The estimated pore size distributions from numerical 
simulations are shown in Fig. 14(a). Validations of the 
pore size distributions obtained by the simulation tool were 

not conducted as many experimental validations for many 
kinds of concrete have previously been documented by 
researchers.28-33 The dominant pore diameters empty for 
absorption and saturation during the 10 minutes of water 
absorption in region B (plateau region) is the shaded areas 
shown in Fig. 14(b), (c) and (d) for N40-7D, N50-7D, and 
N60-7D, respectively. It revealed that for all concrete types 
in this study, the maximum pore diameter corresponding to 
the upper limit of the plateau region is equivalent to 10–7 m 
(100 nm [3.937 × 10–3 mil, thou]). The range of dominant 
pore diameters differs in the three regions; thus, different 
water absorption mechanisms contributed to the pattern (A, 
B, and C regions) in the relationship between water sorp-
tivity and PSD. In estimating the empty capillary pores 
available for water uptake, the saturation is taken in the 
order of the pore diameter starting from the smallest while 
neglecting ink-bottle effects because the water absorption 
measurements were conducted at the condition of equilib-
rium moisture distribution. It has been confirmed that at an 
equilibrium moisture distribution state only the pores of 
specific diameter and smaller diameter sizes are saturated; 
thus, the effects of the ink-bottle neck on water absorption 
are negligible.12

Absorption mechanism for water movement in regions A 
and C—In region A (predominately 0 to 20% PSD), which 
could be seen as an extremely dry region, the pore system 
is empty; thus, rapid surface water absorption occurs when 
concrete is placed in contact with water. Because the bigger 
gel pores are not filled, as water enters the large capillary 
pores, instant-rapid-partial redistribution into the smaller 
empty pores occurs allowing for an increase in internal 
swelling that reduces the pore connectivity, lowering the 
amount of absorption. This is similar to Rucker-Gramm 
and Beddoe’s revelation on the influence of gel pore water 
in the transport of water in much larger capillaries.12 For 
this reason, surface water absorption in this region has a 

Fig. 12—Pattern diagram for relationship between sorp-
tivity and PSD.

Fig. 13—Effect of long-term absorption on plateau region 
for N40-7D concrete by numerical simulation.

Fig. 14—Porosity estimation of pore size distribution for OPC concretes showing effective pore diameters for plateau regions 
from simulation: (a) pore size distribution; (b) N40-7D; (c) N50-7D; and (d) N60-7D.
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near-linear inverse relationship with the saturation degree 
of permeable pore voids until the critical pore diameters 
that aid in the instant moisture redistribution are filled up. 
The critical pore diameter is seemingly within 20% PSD 
and  below.34

Region C, which could be seen as a wet region, similarly 
shows a water absorption relationship with PSD as a near-
linear inverse relation. In this region, only big capillary pores 
that have sole water absorbency16 are empty. As absorption 
proceeds, smaller pores are filled, reducing the volume of 
the available empty pores for absorption.

Absorption mechanism for water movement in region 
B (the plateau region)—Nearly zero influence of PSD on 
water absorption is observed in this region; thus, a plateau 
in the pattern diagram exists. Here, the critical pore diame-
ters that contribute to the instant-rapid-partial redistribution 
of moisture have already been filled. The pore diameters in 
this region do not directly contribute to water absorption. 
Capillary water absorption in this region requires a longer 
time (as shown in Fig. 13) for saturation of the pores due 
to the presence of noncontinuous finer capillary pores, less 
connectivity, and discontinuity in the pore system, together 
with the tortuous property of concrete. Because SWAT is 
measured only at 10 minutes, the saturation of the pores 
could not be attained. As seen in Fig. 14(b) through (d), the 
empty capillary pore diameters in this region are between 
10–8 m (10 nm [3.937 × 10–4 mil, thou]) and 10–7 m (100 nm 
[3.937 × 10–3 mil, thou]). The pore diameters could have 
strong relations with the threshold pore size by the mercury 
intrusion porosimetry (MIP) test. When short-time water 
absorption measurements such as SWAT are conducted in 
this PSD region (plateau zone), it assesses the continuity and 
connectivity of the pore systems, which is the major indi-
cator of the durability of concrete.

The threshold for the saturation degree of permeable pore 
voids for effective evaluation of surface water absorption is 
the plateau region because nearly zero effects of moisture 
were observed and every concrete quality was distinct. Where 
the quality of the mixture proportion of concrete is unknown, 
the upper threshold PSD, which is the most important, could 
be taken as “210 counts” of surface moisture meter equiva-
lent to 58% PSD. The general water absorption mechanism, 
including the formation of the plateau, is represented in the 
schematic diagram shown in Fig. 15.

Influence of pore void saturation degree on water 
absorption for concrete with moisture gradient

In actual concrete structures, moisture condition inside 
concrete is not uniform. In many cases, there is a moisture 
gradient from the surface of concrete into the depth direc-
tion. Here, the effects of PSD with moisture gradient on 
water absorption are investigated.

The effects of surface PSD on water sorptivity were inves-
tigated using concrete blocks with internal moisture gradi-
ents. Moisture distribution in the concrete blocks exposed to 
60, 80, and 99% RH was measured with embedded sensors 
at several depths. The count values by the moisture meter 
(as explained in Fig. 3) are shown in Fig. 16. The N40, N50, 
N60, and BB50 concretes are shown in Fig. 16(a), (b), (c), 

and (d), respectively, which are typical to different internal 
moisture gradients in real concrete structures.

Simultaneous measurements for surface PSD and water 
sorptivity are conducted with the recordings of the internal 
moisture gradient. The plotting of CSWA against moisture 
meter count values is shown in Fig. 17. Figure 17(a) shows 
the results for the 10D series of the concrete blocks, whereas 
Fig. 17(b) is for the 10W series. In Fig. 17, hollow circles 
represent surface PSD above the threshold whereas solid 
circles represent surface PSD within the threshold (plateau 
region) as per the upper threshold defined by 210 count 
value of the moisture meter.

In general, the results strongly revealed that below 
the 210 count value, surface PSD has almost no effect on 
water sorptivity for in-place concrete. Clear, acceptable 
grading and covercrete quality variations are seen among 
the eight different concrete types. It revealed visible influ-
ences of cement type, w/b content, and curing conditions 
on the plateau range, as well as the water sorptivity results. 
For all the 10D series, a near-linear inverse relation is seen 
above 210 count values. For some 10W series, the plateau 
range extended beyond 210 count values, indicating better 
quality of concrete with a larger volume of pores within 10 
to 100 nm (3.937 × 10–4 to 3.937 × 10–3 mil, thou) diame-
ters. It confirmed the different ranges of the plateau region 
observed in experiments for the preconditioned OPC 
samples. Where information on the w/b and curing condi-
tion of in-place concrete is available, the upper threshold 
PSD value could appropriately be adjusted and considered 
before SWAT measurement. This validates the acceptability 
of the proposed assessment method using an upper-threshold 
PSD as the maximum surface moisture content for effective 

Fig. 15—Schematic diagram of water absorption mecha-
nism for formation of plateau zone.
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durability assessment of in-place concrete structures when 
measuring the resistance to water ingress.

CONCLUSIONS
This study investigated the effect of saturation degree in 

concrete pore voids on water sorptivity, with quantitative 
and a clear correlation, showing the region where the degree 
of saturation of pore voids has almost no effect on the water 
resistance measurement results by the surface water absorp-
tion test. The conclusions derived from this study can be 
summarized as follows:

1. The initial pore void saturation degree at the cover 
zone of concrete for effective evaluation of the resistance 
to water absorption during durability assessment of in-place 
concrete structures was proposed based on the region where 
the degree of saturation has almost no effect on the measured 
results. Ordinary portland cement (OPC) 40, 50, and 60% 
water-cement ratio (w/c) concrete specimens precondi-
tioned to uniform moisture distribution showed almost 
no effect of the saturation degree of permeable pore voids 
(PSD) on coefficient of surface water absorption (CSWA) 
within a particular PSD region (plateau region) for both the 
measured and simulated results. Moreover, the water sorp-

Fig. 16—Typical internal moisture distribution of concrete blocks exposed to different RH.

Fig. 17—Coefficient of surface water absorption—CSWA versus surface moisture content by HI-100 count values: (a) 10D 
series; and (b) 10W series.
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tivity of OPC and BB concrete blocks with internal mois-
ture gradients confirmed the existence of the plateau region 
within the same PSD region for various patterns of internal 
moisture gradients.

2. When a short-term resistance to water absorption test 
is conducted with an initial surface moisture content within 
the plateau region, the measurement estimates the volume of 
noncontinuous finer capillary pores and evaluates the conti-
nuity and connectivity of the pore system. Continuity and 
connectivity of the pore system are known as the major indi-
cator of the durability of concrete. The effective pore diam-
eter relevant to the plateau zone is 10 to 100 nm (3.937 × 
10–4 to 3.937 × 10–3 mil, thou). Measurement at this region 
eliminates the effects of initial surface moisture content on 
the measured properties.

3. To ensure the evaluation of resistance to water absorp-
tion at the noncontinuous finer capillary pore void satura-
tion degree, the upper threshold for initial surface moisture 
content of concrete could be appropriately considered as 
equivalent to the “210 counts” of the surface moisture meter. 
This is the least value of the upper threshold and could be 
applied when information about the in-place concrete struc-
ture (such as w/c content and curing condition) is unknown. 
Where this information is available, the upper threshold may 
be appropriately adjusted upwards.
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NOTATION
B	 =	� peak distribution in logarithmic scale of sole porosity distri-

bution parameter
Bcp	 =	 capillary porosity component
Bgl	 =	 gel porosity component
CSWA	 =	 coefficient of surface water absorption
DuCOM	 =	 Durability of COncrete Model simulation tool
PSD	 =	� percentage saturation degree of permeable pore voids of 

concrete
r	 =	 pore radius
SWAT	 =	 surface water absorption test
V	 =	 fractional pore volume of the distribution up to pore radius r
ϕcp	 =	 capillary porosity function
ϕgl	 =	 gel porosity function
ϕlr	 =	 interlayer porosity function
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APPENDIX A
Figure A1 shows the detailed geometry of the SWAT 

device, while Table A1 shows the conventional grading of 
covercrete quality by SWAT.

Fig. A1—Detailed geometry of SWAT device: (a) system; (b) details of absorption cup; and (c) detail of attachment onto small 
specimen.

Table A1—Grading of covercrete quality by SWAT

Water absorption rate at 10 minutes 
(600 seconds)

Quality

Good Ordinary Poor

p600, mL/m2/s <0.25 0.25 to 0.50 >0.50


