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Abstract 

 
This research aims to clarify the effects of pore void saturation degree on 

nondestructive test (NDT) assessment for durability of in-situ concrete structures. And 

this research also aims to propose a threshold for the saturation degree of pore voids 

before water absorption NDT assessment is conducted utilizing Surface Water 

Absorption Test (SWAT).  

Percentage saturation degree of permeable pore voids (PSD) that is directly 

related to the volume of pore voids of concrete is proposed as a new form of measuring 

moisture content of concrete. And the effects of PSD on surface water absorption and 

electrical resistivity are investigated. Ordinary Portland cement concrete samples (w/c 

ratios: 0.40, 0.50 and 0.60; age at the beginning of tests: 510 days) were preconditioned 

to moisture equilibrium and tested at several PSDs to study the combined influence of 

pore void saturation degree and pore size distribution on surface water absorption. All 

samples exhibited the same trend in the relationship between surface water absorption 

rate and PSD. Between 26% - 45% PSD, no apparent effect of PSD (showed the existence 

of plateau) on the rate of surface water absorption was observed.  It led to the conclusion 

that 45% of PSD should be the upper threshold for appropriate evaluation of covercrete 

quality by Surface Water Absorption Test (SWAT).  Investigation using numerical 

simulation by DuCOM showed a similar trend and further revealed that the plateau 

depends on empty capillary pore diameters between 10-8 m (10 nm) and 10-7 m (100 nm). 

The range of plateau depends on the volume of capillary pore diameters in this range. 

Meanwhile, the investigation of the relationship between PSD and electrical resistivity 

showed that resistivity increases with a decrease in PSD but by no means linear. 

To verify the application of the threshold value and the existence of plateau on 

in-situ concretes, further investigations were conducted on concretes produced with 

ordinary Portland cement (w/c ratios: 0.40, 0.50 and 0.60; age at the beginning of tests: 

90 days) and ground granulated blast furnace slag cement- JIS type B slag cement, (w/c 
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ratio: 0.50; age at the beginning of tests: 90 days). The influences of different 

environmental exposures on pore void saturation degrees and internal moisture gradients 

were simulated by exposing the concrete blocks to 60%, 80% and 90% R.H. for different 

durations.  Many kinds of PSDs (measured by three different moisture meters, HI-100, 

HI-520-2 and CMEX II) and internal moisture gradients for the different kinds of 

concretes were obtained. Relationships between PSDs and surface water absorption rates 

were investigated to verify the proposed upper threshold and to establish the appropriate 

surface moisture meter for SWAT. The results showed plateau zone in in-situ concretes. 

Also, the proposed upper threshold (45% PSD) was found to be appropriate for the initial 

moisture content of concrete before SWAT. Only HI-100 surface moisture meter is 

effective in detecting PSDs of in-situ concrete. 

Moreover, the correlation between the SWAT (tested within the proposed 

threshold PSD) and JSCE sorptivity test was evaluated. Concretes made of ordinary 

Portland cement (w/c ratios: 0.40, 0.50 and 0.60; age at the beginning of tests: 60 days), 

ground granulated blast furnace slag cement- JIS type B slag cement, (w/c ratio: 0.50; 

age at the beginning of tests: 60 days) and JIS type II fly as 20% by weight of OPC 

replacing fine aggregate (w/b ratio: 0.41; age at the beginning of tests: 60 days) were 

utilized. A new SWAT index (coefficient of surface water absorption-CSWA) was 

introduced and the result was found to be correlated with JSCE sorptivity index. This 

validates the use of SWAT as a good device both for quality control (in durability design) 

and for in-situ covercrete evaluation (in durability assessment) to water penetration. 

Meanwhile, the influence of hysteresis on the resistance to surface water 

absorption, air permeability and surface moisture contents were investigated.  Concretes 

were preconditioned to moisture equilibrium through desorption and absorption 

processes and tested at several PSDs. The results revealed that hysteresis does not 

influence the rate of surface water absorption (p600) by SWAT, air permeability 

coefficient (kT) by double chamber air permeability test and the surface moisture 

contents by three different moisture meters.  
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1 Effects of pore void saturation degree on nondestructive tests for durability assessment of 
concrete structures 

Chapter 1 

Introduction 
 

1.1 Background of the Research 

Concrete is the most commonly used construction material in the world, twice as 

in today’s construction as all other building materials combined and the second most 

consumed material after water. The demand for concrete is continually on the increase, 

which undoubtedly will remain the same in the future, particularly in developing 

countries [1]. In developed countries like Japan, not a few reinforced concrete structures 

that were constructed in the last 50 years are under severe deterioration due to loading 

and environmental actions[2] and a considerable fraction of construction budget is spent 

on repair and replacement of aging concrete infrastructures. It is imperative, therefore 

that concrete structures remain as durable as possible to serve the designed service life. 

The durability of concrete has been a major concern in the recent past. “The durability 

of concrete is defined as its ability to resist weathering action, chemical attack, abrasion, 

or any other deterioration process to retain its original form, quality and serviceability 

when exposed to harsh environment”[3]. Furthermore, a very essential aspect of this 

durability is the assessment, quality evaluation and the prediction of the residual life of 

concrete structures that are in-service.    

The resistance of concrete to the ingress of deleterious substances, liquid and 

gaseous, is a very important property regarding the quality assurance and service life 

prediction of concrete structures. Notwithstanding that there is no universally accepted 

quantifier for the general durability performance of concrete, permeability and electrical 

resistivity are undoubtedly the most commonly applied indices for evaluating the 

durability of concrete structures regardless of the deteriorating mechanisms.  

Reinforcement corrosion, carbonation, freezing/thawing, alkali-silica reaction, etc., have 

a strong dependency on the moisture condition of concrete [4], which is a function of its 
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permeability. The ‘near-surface’, ‘concrete cover’, ‘skin of concrete’ or ‘covercrete’ 

exhibits different characteristics and properties from the ‘inner’ or ‘heart’ of the concrete 

[5] resulting from the influence of concreting works. The quality of these few centimeters 

of concrete- the covercrete, determines the rate at which deteriorating substances gain 

access to the inner part of the concrete. 

Furthermore, in the assessment of the quality of covercrete and its resistance to 

the ingress of deteriorating substances, surface water absorption and air permeability are 

commonly applied. Also, the electrical resistivity of concrete is among the most applied 

durability index nowadays. In general, the two permeability indices and electrical 

resistivity depend on several factors relating to concrete properties that could be 

summarized into a capillary pore system (pore diameters, connectivity, etc.) and moisture 

content. The former has received widespread attention in concrete durability and 

nondestructive test assessment-related researches. To eliminate the influence of moisture 

content on quality evaluation of concrete, in most laboratory-based sorptivity tests, 

concrete specimens are dried to steady weight before testing. On the other hand, 

laboratory-based electrical resistivity tests require the saturation of the specimens before 

testing. However, these are not practical in non-destructive tests (NDT) assessment.  In 

this regard, a thorough understanding of the moisture content of concrete as it affects 

durability assessment and quality classification of concrete is needed since variations in 

the amount of moisture content both surface and internal are constant factors that cannot 

be eliminated.   

In recent years, a considerable number of simplified test methods have been 

developed such as Surface Water absorption Test (SWAT) [6]–[9], Water Intentional 

Spraying Test (WIST)[10], etc. to measure surface water absorption of concrete and 

evaluate the durability through resistance to water penetration. Due to the complexity of 

the effects of moisture content on surface water absorption tests as [11] observed in the 

ambiguity on the interpretations SWAT results, few available texts of literature have 

addressed it but without thorough analysis.  Ngo  [11] proposed a threshold value for 

surface moisture content before starting SWAT for appropriate durability assessment and 
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quality classification (using a commercially available surface moisture meter). The 

threshold surface moisture content proposed by Ngo might have a meaning that relates 

to the finding by Shirakawa et al [12]. In the study of the relationship between the degree 

of drying and gas diffusion coefficient in hardened cement paste, Shirakawa [12] 

revealed that when the relative humidity of cement paste was between 12%RH to 

47%RH, the gas diffusion coefficient- De (in m2/s) remained constant. Above and below 

this RH range, De decreased with an increase in RH. However, the mechanism governing 

Shirakawa’s finding was not detailed. The proposed threshold by Ngo [11] can neither 

be directly related to the capillary pore system nor expressed in absolute values relating 

to the volume of pore voids and the saturated amount. Also, an in-depth explanation of 

the mechanism and reason behind the threshold value is lacking. 

1.2 Research Objectives  

To clarify the effects of moisture content of concrete on durability assessment 

and quality evaluation by detailed analysis of the ‘threshold value’ of moisture content, 

this research aims (shown in flow schematic -Figure 1-1) to provide an in-depth 

investigation on the mechanism and the clear meaning of the threshold for utilizing 

surface water absorption. 

From an engineering point, moisture content of concrete must be expressed in a 

clear and absolute term related to the saturation of volume of permeable pore voids, 

hence, the first objective of this study is to propose an absolute way to measure and 

express moisture content of concrete related to the volume of permeable pore voids and 

evaluate its effect on SWAT and electrical resistivity. Besides, propose a threshold initial 

surface moisture content before water absorption test for appropriate durability 

assessment. 

To achieve the first objective above, the influence of internal moisture gradient 

on surface water absorption must first be eliminated by ensuring moisture equilibrium 
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throughout the volume of the experimental specimen. Therefore, this study will establish 

a simple method to obtain moisture equilibrium throughout the volume of a specimen.  

Furthermore, the third and fourth objectives center on the verification of the 

application of a proposed threshold in in-situ concrete durability assessment. The third 

objective attempts to propose the appropriate surface moisture meter when utilizing 

SWAT. The fourth is to establish a new SWAT index that is equivalent to the sorptivity 

index through the investigation of the correlation between SWAT results and JSCE-G 

582 sorptivity test results.  

Lastly, the fifth objective of this study is to appraise the influence of moisture 

transport hysteresis on SWAT, air permeability and moisture content. 
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Figure 1-1 Flow of research aim and objectives 

1.3 Significance of the Research 

In literature, three common ways are used to measure and express moisture 

content of concrete viz: relative humidity (RH), saturation degree (SD) and moisture 

content (M).  Neither of these expressions is related to the volume of permeable pore 

Research Objectives                                                                                                                             
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(3) Verify the application of the threshold PSD for field durability 
assessment of covercrete quality  

To clarify  the effects of saturation degree of pore voids on nondestructive 
assessment of concrete quality when applying durability indicators such as 
water absorption, air permeability and electrical resistivity  

(1) Establish a simplified method for preconditioning of 
concrete specimens to obtain uniform moisture condition  

 

(5) Investigate the effects of  
moisture hysteresis on 
SWAT, air permeability 
and surface moisture 
contents 

(2) Investigate percentage saturation degree of permeable pore voids (PSD) and 
its effects of SWAT and electrical resistivity 

(4) Investigate the relationship between SWAT 
and JSCE-G 582 sorptivity test 

• propose a threshold PSD for appropriate SWAT utilization, NDT evaluation 
of concrete resistance to water penetration and quality assurance 

• Establish a new NDT concrete quality 
grading index (via SWAT) that correlates 
with the destructive sorptivity test gradation 

• Propose appropriate surface moisture meter when utilizing SWAT 
 for field assessment of covercrete quality  
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voids and its connectivity, which is the major factor that controls mass transfer in 

concrete. In this context, this study eliminates the ambiguity in understanding the 

moisture content of concrete by utilizing percentage saturation degree of permeable pore 

voids. Besides, the combined influence of pore void volume, pore size distribution and 

the saturation degree of pore voids on surface water absorption, air permeability and 

electrical resistivity of concrete is explained, and appropriate thresholds are proposed for 

saturation degree of permeable pore void for nondestructive assessment of covercrete 

quality.  

Furthermore, this study introduces a new Surface Water Absorption Test 

(SWAT) index- coefficient of surface water absorption (CSWA).  CSWA could 

effectively be applied in a nondestructive way to evaluate sorptivity of concrete without 

going through the destructive and rigorous process of calculating the moisture 

penetration rate coefficient from laboratory-based sorptivity tests. 

 This dissertation will contribute to designing and constructing more durable 

concrete structures by establishing a systematic evaluation method for surface water 

absorption tests fully considering the effect of moisture content.   

1.4 Research Methodology 

Two methodologies (experimental and numerical analysis) are adopted to reach 

the aim and objectives of this research in the following two stages: 

Stage 1: Preconditioned specimens 

For a better understanding of the influence of different initial moisture contents 

of concrete on durability evaluation, quality grading and an in-depth investigation of the 

meaning and mechanism of the ‘threshold value’, experimental studies are conducted on 

different kinds of concrete by varying the initial moisture contents (expressed as a 

percentage saturation degree of permeable pore voids-PSD) through preconditioning and 

investigating the effects on surface water absorption by SWAT. In this step, specimens 

are first preconditioned to moisture equilibrium throughout the entire volume to 
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eliminate the influence of moisture gradient before conducting SWAT at different PSDs. 

Two surface moisture meters (HI-100 and HI-520-2) are calibrated at this stage for an 

NDT evaluation of PSD. Thereafter, the results of the effects of PSD on surface water 

absorption are further verified by numerical simulation. Furthermore, the effects of PSD 

on electrical resistivity are investigated by the Wenner probe method. 

Stage 2: Unconditioned specimens 

The verification of the results from stage 1 and the test for the applicability of the 

effects of PSD on surface water absorption (obtained from the laboratory preconditioned 

specimens) in structures under natural environmental conditions (with moisture gradient) 

are conducted. Different kinds of concretes are exposed to several environmental 

conditions, and the changing surface PSDs resulting from the exposures are investigated 

(utilizing the calibrated surface moisture meters) in addition to the surface water 

absorption rates at different PSDs. 

1.5 Structure of the Dissertation 

Seven chapters are presented in this dissertation. Chapter 1 introduces the 

research background, objectives, significance and methodology. Chapter 2 presents a 

literature review relevant to the scope of this dissertation. Chapter 3 establishes a 

simplified method for preconditioning of concrete specimens to obtain uniform moisture 

conditions, while the main findings of this dissertation are presented in the proceeding 

four chapters (Chapter 4 to 6). 

Chapter 4 presents the percentage saturation of permeable pore voids (PSD) and 

the effects on Surface Water Absorption Test (SWAT). Experimental verification of the 

proposed PSD calculation formula- which derived its course from the ASTM C642 was 

conducted. The results showed that the existing ways of measuring and expressing 

moisture content of concrete such as saturation degree overestimated the moisture 

content of concrete. Furthermore, the results from the relationship between PSD and 

water absorption by SWAT revealed a plateau at some range, where PSD has no effects 

on surface water absorption of concrete. Numerical simulation with DuCOM software 
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also revealed a similar plateau within the same range of PSD when PSD was plotted 

against the increase in free water resulting from 10 minutes absorption and the combined 

influence of pore size distribution and the degree of saturation of pore void on water 

absorption is discussed. Moreover, the calibration of commercial surface moisture meters 

(HI-100 and HI-520-2) for nondestructive measurement of PSD is also presented in this 

chapter. Meanwhile, the effects of PSD on electrical resistivity was investigated. 

Chapter 5 provides the influence of hysteresis on SWAT, air permeability and 

surface moisture meters (HI-100, HI-520-2 and CMEX II). Experimental specimens 

were conditioned in two processes: wet-to-dry (desorption process) and dry-to-wet 

(absorption processes) and the effects on the rate of water absorption, coefficient of air 

permeability and surface moisture contents were investigated.  

In Chapter 6, an experimental investigation on the correlative assessment 

between the results from the JSCE sorptivity test standard and SWAT was presented. A 

new SWAT index, coefficient of surface water absorption-CSWA was introduced in this 

chapter and found to be correlated with the 48 hours-based moisture penetration rate 

coefficient-A from the JSCE test result.  

Finally, the conclusions obtained in this research are summarized in Chapter 7. 

The implications of these findings are discussed, in particular clarifying the effects of the 

initial pore void saturation degree on nondestructive test assessment and grading of 

concrete quality utilizing surface water absorption, air permeability and electrical 

resistivity. Also, recommendations for further studies are given. 
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Chapter 2 

Literature Review 

 

2.1 Introduction 

 Chapter 2 presents a literature review on the topics relevant to this dissertation. 

Since this dissertation centers on concrete durability, mass transfer and moisture content, 

the mechanisms for transport processes in concrete are first reviewed focusing on fluid 

transport mechanisms, followed by the factors influencing the three durability indices 

that are under consideration and a brief review of the major ways of measuring and 

expressing moisture contents of concrete. Subsequently, in the chapter, durability 

evaluations by water absorption and air permeability comprising test standards and test 

methods for measurement of water penetration resistance of concrete were reviewed. 

Lastly, durability evaluation by electrical resistivity was reviewed. 

2.2 Transport processes and mechanisms in concrete 
 Deterioration of concrete such as sulphate attack, frost damage and reinforcement 

corrosion is caused by many different processes with common characteristics that all the 

processes require both a transport material and a medium of transport into the matrix of 

concrete [1], [2]. Even some deteriorations that are inherent in the component materials 

of concrete such as alkali-silica reaction require movement of water for the activation of 

the reaction. Eight transport processes and mechanisms in concrete are discussed: 

permeability (pressure-induced flow), diffusion, electromigration, thermal migration, 

absorption, adsorption, sorptivity/capillary suction and osmosis. [1],[3].  

Permeability (pressure-induced flow) is defined as a characteristic of a porous medium 

to allow the passage of fluids through it under the action of pressure differentials.[3],[4].  

‘Permeability is strictly related to the flow that occurs under an applied pressure 

differential’ but often used loosely to cover different properties of concrete and 
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interchangeably confused with the porosity of concrete. On the other hand, porosity 

represents the volume content of pores which might not necessarily be inter-connected 

[3]. The significance of high permeability to a concrete structure might be more than just 

the water uptake but on the damage that may come from the dissolved deleterious 

substances (such as sulphates and chlorides) in the transported water.  

Diffusion is the process by which liquid or gaseous ions (such as chloride) pass through 

concrete under the action of a concentration gradient. It is defined by a diffusivity value 

or a diffusion coefficient and generally controlled by Fick’s law in a one-dimensional 

situation considered as: 

J = 
dCD
dx

−                                                                                                              [2.1] 

Where J is the flux of chloride ions, D is the effective diffusion coefficient, C is the 

concentration of chloride ions and x is a positive variable. Equation [2.1] can be used 

when concentration is constant and there is a steady-state condition. On the contrary, 

when the condition is non-steady-state and concentrations are changing during the time, 

Fick’s second law: Eq [2.2] is applied as given [5]: 

2

2

C cD
t x

 
=

 
                                                                                                             [2.2]  

Electromigration (often called migration) occurs in the presence of voltage difference 

(electric field). The driving force might be external such as leakage from a direct current 

power supply. Also, it is often caused by the electrical potential of the pitting corrosion 

of reinforcement steel. Electromigration can be measured from the electrical resistance 

of concrete and the flux due to electromigration and is given by the equation [1], [6]: 
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F = aDzECF
RT  (kg/m2/s)        [2.3] 

where: 

z is the valence of the ion (i.e. the charge on it divided by the charge of an electron), Fa 

is the Faraday constant = 9.65 x 104C/mol, E is the electric field (V/m), R = 8.31 J/mol/K 

and T is the temperature (K). 

The flux can be expressed as an electric current: 

I = azFF A   (A)         [2.4] 

Ohm’s law states that : 

R = 
ϕ

𝐼
  (Ω)          [2.5] 

where ϕ is the voltage. The electric field, which is the voltage gradient is thus: 

E = azFF AR
x x x

IR
= =   (V/m)                                                                   [2.6] 

where x is the distance (m). the resistivity ρ is defined from the equation: 

R =  
xx

A A



=  (Ω)                    [2.7] 

where   is the electrical conductivity in (Ωm)-1, the inverse of resistivity 

The rearrangement and combination of equations [2.5], [2.6] and [2.7] gives the Nernst 

Einstein equation: 

D = 2 2
a

RT
z F aC


                                                                                                              [2.8] 

Thermal migration: Just as the name implies, the transport process is driven by the 

presence of temperature difference. Water moves from hot region to cold region in solids 

and the rate at which it moves depends on the permeability of the solid.  
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Absorption is the mechanism by which concrete takes in fluid to fill up spaces within the 

material. Capillary absorption takes place in fine pores (10 nm to 10 µm) where the range 

of gravity forces in the liquid is at the same range as the surface tension and it is the 

major mechanism when the material is only in partially wetting stage [7]. It is usually 

defined by the Lucas Washburn equation: 

h = k t   [2.9] 

where h is the height of the liquid front (m), t is the wetting time (s) and k is the 
capillary coefficient (m s-1/2) 

Adsorption is a process in which molecules adhere to the surface of the concrete. It can 

either be physical adsorption (molecules are held to the surface by Van der Waals forces) 

or chemical adsorption (molecules are held as a result of the formation of chemical 

bonds). Adsorbed molecules or ions are fixed into the matrix of the concrete, unable to 

move and unlikely to cause any deterioration. 

Sorptivity/Capillary suction is the major mechanism in systems where there is high 

liquid concentration and usually takes place in large pores. This occurs where forces 

resulting from pressure gradient is higher than surface tension.  

2.3 Factors influencing electrical resistivity, water 
 absorption and air permeability tests 

The controlling factor for the passage of electrical current in concrete is 

predominately the ionic movement of the pore water. Similarly, the porosity, pore water 

and pore void system control water absorption and air permeability of concrete. This 

explains that any factor that affects the porosity, pore void system, pore water movement 

and the degree of pore connectivity and continuity will fundamentally affect the electrical 

resistivity, water absorption and the air permeability properties of concrete. 
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2.3.1  Cement type and paste volume 

Generally, cement type and paste volume are among the intrinsic factors 

influencing electrical resistivity, water absorption and air permeability of concrete. These 

two factors have a great impact on both the characteristics of the pore structure and the 

chemistry of pore water. For constant water to cement ratio, [8] showed that increasing 

paste volume decreases resistivity with an approximately 1% to 1% rate. By increasing 

cement paste, the channel for the electrolytic liquid is also increased. Figure 2-1 is a 

finding by W. Piasta and B. Zarzycki [9], which shows a near 1:1 linear relationship 

between water absorption and past volume of high-performance concrete (HPC). 

 
Figure 2-1 Effects of cement paste volume on water absorption (culled from [9])  

2.3.2  Water-to-content 

Just like cement type and paste volume, water to cement (w/c) content is among 

the main factors contributing to the permeability of concrete. Higher w/c ratio leads to 

higher porosity, increases the channel for electrolytic liquid thereby decreasing the 

electrical resistivity [8], [10]. However, it has been revealed that concrete containing 

supplementary materials such as slag and rice husk ash showed irregular behaviour for 

various water to cement ratios [10]. An increase in water to cement ratio has been shown 

to increase the porosity of concrete increasing the air permeability and water absorption 

[11]–[14]. 
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2.3.3  Volume of aggregate 

In general, aggregates have lesser porosity, exhibit more resistance to the flow of 

electric current than the hardened cement paste, thus have higher electrical resistivity. 

Increasing the volume of aggregate means reducing the volume of paste as well as 

decreasing the flow of electric current. Nonetheless, the size, type and location of the 

aggregate affect its resistance to electric flow.  

2.3.4  Curing condition 

Curing condition affects electrical resistivity, water absorption and air 

permeability of concrete. The major resultant aspects of curing conditions that influence 

the variations of the durability indicators are the degree of hydration of the cementitious 

material and the saturation degree [10].  In an experimental study performed by Ngo T. 

V. [11], [12] investigated the water absorption and air permeability of ordinary Portland 

cement concrete with water to cement ratios of  0.40, 0.50 and 0.60 with three curing 

conditions: (a) sealed for one day after placement, (b) sealed for 7 days after placement 

and (c) sealed for 1 day plus immersed in water for 6 days after placement, it was 

concluded that the specimens that were sealed for 1 day plus immersed in water for 6 

days had lower surface water absorption rates whereas the samples that were sealed for 

1 day after placement had higher surface water absorption rates. Similar results were 

obtained for the coefficients of air permeability [11], [12].  

Nam and Hosoda’s [15] water and chloride penetration investigations of slag 

concrete comprising high alite cement (HAC) (Figure 2-2) show the effects of curing 

conditions on the water absorption rate of OPC and HAC concrete. Figure 2-2 shows that 

as the number of curing days increases, the rate of water absorption decreases. The 

difference was not significant for HAC slag concrete. In general, the effects of curing 

condition on water absorption of concrete and the higher resistance to water penetration 

by longer cured concrete can be explained by the higher hydration degree and denser 

matrix formation [15]. 
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Figure 2-2 Effects of curing condition on the water absorption rate of OPC and  

       HAC concrete (culled from [15]) 

2.3.5  Temperature  

An increase of 1oC results in a 3% decrease of resistivity was the conclusion from 

[8]’s investigation on the electrical resistivity of concrete (Figure 2-3). For temperature 

effect on moisture transfer in concrete, [16] conducted an investigation and found that 

elevating concrete temperature without a temperature gradient (in an isothermal 

condition) does not significantly affect the moisture transfer. “On the other hand, the 

effect of temperature gradient under a non-isothermal condition is significant and 

becomes more significant as the temperature gradient increases” [16]. In a practical 

situation, an isothermal condition of concrete may never be obtained, which implies that 

the influence of temperature on water absorption will always be significant.  

Temperature affects absorption by the impact on the viscosity of liquids, surface 

tension, thermal expansion and change in pore structures. Similarly, the effects of 

temperature on electrical resistivity result from the expansion of the pore water 

molecules which creates more connectivity of the pore voids thereby reducing resistivity.  
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Figure 2-3 Effects of temperature on electrical resistivity of concrete(culled from [8]) 

2.3.6  Moisture content 
Figure 2-4 shows an experimental result of the relationship between moisture 

content and electrical resistivity of concrete in the air-dry state, oven-dry state and 

saturated surface-dry state [17]. Sengul [17] revealed that concrete in the air-dry state 

had approximately 50% higher resistivity than that in the saturated surface-dry state. This 

showed that moisture content has a substantial influence on the electrical resistivity of 

concrete. William and Erik [8] had the same finding in which a normal OPC saturated 

concrete was shown to have resistivity between 1000-10,000 Ωcm while for normal OPC 

dry concrete, the resistivity reaches 108 -109 Ωcm and concluded that 1% increase in 

saturation degree of concrete decreases electrical resistivity by 3%. 

Moreover, Ngo et al [12] recently revealed the same influence of moisture content 

of concrete on surface water absorption and air permeability with the conclusion that the 

effect of moisture concrete on the rate of water absorption is ambiguous and could 

mislead in evaluation and grading of the quality of concrete.  
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Figure 2-4 Effect of moisture content on electrical resistivity (culled from [17]) 

2.3.7  Chlorides 

Chloride is known to be the main cause of steel corrosion in RC structures, thus 

several studies have investigated the effects of chloride on durability indicators like 

electrical resistivity. William and Erik [8] found a large but non-linear influence of 

chloride on electrical resistivity when they investigated with 3% and 6% NaCl solution. 

They concluded that “a 3% or 6% NaCl solution in the pore cuts the resistance by a factor 

of 2”.  

In the investigation of water adsorption isotherm of OPC concretes with w/c 0.7 

(OPCC30), 0.48 (OPCC60) and OPC/Blast furnace slag concrete with w/b 0.48 

(BFSC60) for different external chloride concentrations (Figure 2-5a-c) by [18], 

equilibrium water content was shown to increase with the chloride concentration. It was 

attributed to the presence of salt and other ions such as Na+ and K+ which created a 

modification of water activity coefficient [18]. 
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Figure 2-5 Effect of external chloride concentration on water absorption of concrete 

(culled from [18]) 



 

21 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

2.4 Measurements and expressions of moisture content of 
 concrete 

The penetration of water into concrete, as well as other harmful solutes and ions 

(such as chlorides, sulphates), is considered of great importance as it is virtually the 

beginning of all deterioration processes. This explains why the moisture content of 

concrete is a very important property in the field assessment of the covercrete quality 

and durability in general. Over the years, the moisture content of concrete has been 

measured and expressed in the following three major forms: 

i. Relative Humidity  

Relative humidity (RH) is among the common forms used in the expression of 

moisture content of concrete [16], [18]–[23]. However, some researchers have argued 

that RH is not an appropriate form to express moisture content of concrete as it is largely 

affected by hysteresis-whether the RH-value is obtained by adsorption or desorption. The 

RH alone is said to be a defining factor for the thermodynamic state of the pore water 

rather than the direct amount of pore water or the degree of saturation[8]. William and 

Erik stated that “the RH-value exerted by pore water is influenced by the concentration 

and the types of dissolved ions. Consequently, even reliable RH-records would give 

incomplete information about the moisture state in a concrete structure”. The RH is 

measured directly by embedding an RH probe into the concrete.  

ii. Saturation Degree 

Saturation degree has been widely used to measure and express the moisture 

content of concrete.[8], [21], [24], [25]. According to Antón et al., 2013, the saturation 

degree, SD, of concrete is defined as; 

 SD = 
h d

s d

m m
m m

−

−
                [2.10]  

 where; mh = mass of partially saturated concrete, md = mass of the dried concrete, ms = 

mass of the water-saturated concrete. 
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iii. Moisture Content 

Also in the literature, the moisture content of concrete has been measured and 

expressed simply as ‘moisture content’ [19], [26]. For instance,[26] expressed moisture 

content in percentage determined by the following relationship:  

M = *100d

d

W W
W
−

  [2.11] 

where; M is the moisture content, W= the mass of moist specimen in grams and Wd= the 

mass of the dry specimen in grams. 

2.5  Test standards for measurement of water penetration 
resistance of concrete 

Several testing techniques have been adopted by different countries as codes and 
for standardization. The standards include but not limited to the following: 

- Japanese Standards 
 JSCE 2017 (Standard specifications for concrete structures- 2017) 

JSCE- 582-2018 (Test method for water penetration rate coefficient of concrete subjected 
to water in short term) 

- British Standards  
BS 1881 Part 208-1996 (Recommendations for the determination of the initial surface 
absorption of concrete) 

- European Standards 
Euro codes BS EN 1002-2002 

- American Standards 
ASTM C1585-04 (Standard test method for measurement of the rate of absorption of 
water by hydraulic-cement concretes) 

ASTM C642- 97 (Standard test method for density, absorption, and voids in hardened 
concrete) 

ASTM C1757-13 (Standard test method for determination of one-point, bulk water 
sorption of dried concrete) 
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Three test standards one from each: the American Society for Testing and 

Materials (ASTM International), the British Standards (BS) and the Japan Society for 

Civil Engineering (JSCE) are briefly reviewed.   

2.5.1  ASTM C1585: Standard test method for measurement of rate 
 of absorption of water hydraulic cement concretes 

The ASTM C1585 is used to determine the rate of water absorption for hydraulic 

cement concrete by exposing one surface of a test specimen to water and measuring the 

increase in the mass resulting from water absorption over time [27]. The test method, 

which was based on  Hall’s [28] water sorptivity phenomenon, is intended to access the 

resistance of unsaturated concrete to water penetration. Step by step sample preparations 

and test procedures (shown in Figure 2-6) is detailed in [27] where absorption, I (change 

in mass divided by the cross-sectional area of the test specimen), is calculated as follows: 

I 
/

tm
a d

=   [2.12] 

where I = the absorption, mt = the change in specimen mass in grams, at the time t, a = 

the exposed area of the specimen, in mm2, and d = the density of the water in g/mm3. 

The initial rate of water absorption (in mm/s1/2) is defined as “the slope of the 

line that best fit to I plotted against the square root of time (s1/2)” [27] and obtained by 

using the least-squares linear regression of the plot I versus time1/2.  

 
Figure 2-6  Schematic of ASTM C1585 test procedure (culled from[27]) 
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2.5.2  BS 1881, Part 5: Test for determining the initial surface 
 absorption 

The British Standards adopted and incorporated the ISAT method in 1970 as BS 

1881, part 5: Test for determining the initial surface absorption [29]. In the method, a 

cap with a surface area not less than 5000 mm2  is sealed to the surface of concrete, filled 

with water and measure the concrete’s rate of water absorption through the movement 

along a capillary tube under a constant water head of 200 mm [3], [29]. The ISAT setup, 

testing and measurement procedures are detailed in 2.6.1. 

2.5.3  JSCE-G 582, 2018: Test method for water penetration rate 
 coefficient of concrete subjected to water in short term 

The Japan Society of Civil Engineers (JSCE) sorptivity test standard for 

determining water penetration rate coefficients of concrete subjected to water in short 

time was established in 2018 as  JSCE-G 582 and published in Japanese [30]. The outline 

of the steps for the sample preparations are as follows: 

a) Prepare cylindrical concrete specimen of ɸ100 mm × 200 mm height. 

b) After curing (curing condition should be the same with the actual structure under 

investigation), cut off 25 mm thickness from the face of the form-finished-surface 

with dry type concrete cutter. 

c) Dry specimens in a controlled chamber at a temperature of 40 ± 2oC and relative 

humidity of 30 ± 5% for 28 days. Or dry in a controlled chamber at a temperature 

of 20 ± 2oC and relative humidity of 60 ± 5% for 91 days. If drying is done at 40 

± 2oC and 30 ± 5% R.H., drying can be stopped when a 24-hour mass change is 

less than 0.1%. 

d) Allow specimens to return to room temperature by natural heat loss for a 

minimum of 1 hour and store in a closed container for 24 hours. 

e) Seal the lateral sides of the specimen and the surface that was not exposed by 

cutting with water penetration resistant material such as aluminum tape or foil 

and epoxy resin. Allow the epoxy resin to dry before starting the test. 

The standard also outlined the test procedures as follows: 
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f) Tap water of 20 ± 2oC temperature shall be used. To stabilize the temperature of 

the water and to expel the dissolved air in water after collecting it from the tap, 

store water in a controlled environment of 20 ± 2oC temperature for 24 hours or 

more. 

g) Make a 10 mm mark from the bottom of the container that shall be used for the 

test and carefully place 5 mm height spacers (to raise the specimen from the 

bottom of the container) on the container. Ensure that the total contact area 

between the spacers and the specimen does not exceed 10% of the surface area 

of the specimen.  

h) Pour the stabilized water into the container up to the marked 10 mm height and 

carefully immerse the specimen. The immersion period is 48 hours and the 

measurements shall be taken at 5 hours, 24 hours and 48 hours respectively. For 

each measurement time, a minimum of 3 samples shall be withdrawn and utilized. 

i) Split specimen into two halves and measure the depth of penetration immediately 

after withdrawal from water. Measurement shall be in 0.5 mm units with a vernier 

caliper or a straight metal rule from one half of the split specimen. A minimum 

of 5 measurements L1 – L5 shall be recorded for each specimen and the distance 

from the sealed edge of the specimen shall not be less than 20 mm. Moisture 

penetration depth shall be determined by spraying a colour-differentiating water 

detector that conforms with NDIS 3423 specification. 

The moisture penetration rate coefficient, A, which is the depth of water 

penetration obtained during the immersion of 5 to 48 hours is calculated thus:  

 A = 
( ) ( )

( )
1

2

1

*
n

i i
n

n

i
n

t t L L

t t

=

=

− −

−




             [2.13] 

where A: moisture penetration rate coefficient (mm/√ℎ𝑟), n: number of data, √𝑡𝑖  : square 

root of immersion time of “i”th data, √𝑡̅̅ ̅: average value of the square root of immersion 

time, 𝐿𝑖: penetration depth of the “i”th data, 𝐿̅ : average value of the penetration depth 
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The intercept of the approximate straight line is given as the constant B by the 

equation:  

 B = *L A t−        [2.14]

where B: constant, A: moisture penetration rate coefficient (mm/√ℎ𝑟), √𝑡̅̅ ̅: average value 

of the square root of immersion time, 𝐿̅ : average value of the penetration depth. 

2.6   Nondestructive Test methods for measurement of water 
 absorption and air permeability resistance of concrete  

A wide range and methods of absorption and permeability tests for cement-based 

materials exist, both destructive and non-destructive. The choice of any depends on the 

purpose of the test, available testing instrument and place of testing (in-situ or laboratory). 

In this section, only the few that are directly related to the aim of this study are reviewed.    

2.6.1  Initial Surface Absorption Test (ISAT) 

The initial surface absorption is defined as the rate of flow of water at a constant 

temperature and constant applied water head into the surface of concrete per unit area at 

a specified interval from the start of the test [31], [32]. The first version of ISAT was on 

the test for roof tiles [3] developed in 1931 by Glanville and the subsequent modified 

generations were in the 1970s by Levitt [3] [31]–[33]. It was further commercialized and 

incorporated into the British Standards [31] as a test standard for evaluating the resistance 

of concrete to surface water absorption.  

ISAT is a quick, simple and non-destructive device which can be utilized to 

measure the water penetration rate in a normal cast in-situ concrete surface. The major 

limitation of ISAT is the difficulty in ensuring a water-tight seal during measurement [3], 

[31]. Another challenge in applying the ISAT method is the great influence of moisture 

content which [31] noted its effects on almost all the surface absorption and air 

permeability tests and therefore stated that the main application of “ISAT is as a quality 

control test for precast concrete units which can be tested whenever they are ‘dry’” [31]. 
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The general arrangement and measurement procedure of ISAT (Figure 2-7) 

monitors the movement of water in the capillary tube and the initial surface absorption 

value is be calculated and expressed in ml/m2/s. The classification of covercrete (Table 

2-1) by Levitt [33] is based on water absorption by ISAT values from a theoretical 

derivation for initial surface absorption (ISA) as: 

ISA  = at-n                   [2.15] 

where t is time, a is constant, n is a second constant showing the decay rate of water 

absorption having a value of 0.5 

Table 2-1 ISAT classification of water absorption of covercrete based on ISA value 

Concrete 
absorption 

ISAT results in ml/m2/s 
Time after starting test (minutes) 

10 30 60 120 
High > 0.50 > 0.35 > 0.20 > 0.15 

Medium 0.25 – 0.50 0.17 – 0.35 0.10 – 0.20 0.07 – 0.15 
Low < 0.25 < 0.17 < 0.10 < 0.07 

 

Figure 2-7  Setup for Initial Surface Absorption Test (ISAT) (culled from[31]) 

ISAT is composed of a water reservoir unit with a control inlet tap, a calibrated 

glass capillary tube, which is connected to the third component- watertight cap, by a 
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flexible tube. The watertight cap is generally made of a transparent material such as clear 

acrylic, polyester or epoxy resin. The watertight cap (minimum water contact area of 

5000 mm2) is attached to the surface of the test concrete by a clamp and water tightness 

ensured. The measurement procedure can generally be summarized in the following steps 

[29]: 

i. After attaching the components as shown in Figure 2-7, close the tap from 

the reservoir and fill the reservoir with water (NB: care should be taken 

to avoid undue fluctuations of the temperature of the water). 

ii. Start the test by opening the tap to allow the water to run into the cap and 

record the starting time (flush air from the cap through the capillary tube 

by sharply pinching the flexible tube and replenish the reservoir to 

maintain the constant water head of 180 – 220 mm and raise one end of 

the capillary tube above the water level to prevent further outflow. Ensure 

that the reservoir does not run empty). 

iii. Take readings at intervals after 10 minutes, 30 minutes, 60 minutes and 

120 minutes. 

2.6.2  Surface Water Absorption Test (SWAT) 

Surface Water Absorption Test (SWAT) was developed by Hosoda and Hayashi 

[34], [35]. SWAT is a non-destructive device that evaluates the quality of concrete at the 

cover zone at 10 minutes.  

SWAT has proven to be effective in detecting the influence of curing conditions 

and effects of microcracks in covercrete quality within 10-20 mm, which is the most 

affected by concreting works [12], [34]–[36]. Furthermore, good correlations have been 

demonstrated between SWAT results and:  

- long term water penetration tests (Figure 2-8) [15],  

- the carbonation rate coefficient of concrete (Figure 2-9) [37] 

- the JSCE sorptivity test (Figure 2-10) [38] 
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Figure 2-8 Relationship between SWAT and long-term water penetration test 

 
Figure 2-9 Relationship between SWAT and carbonation rate coefficient  
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Figure 2-10 Relationship between SWAT and JSCE sorptivity test 

The detailed SWAT apparatus (Figure 2-11) measures the resistance of concrete 

to water absorption under natural dominant water suction. 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 and a water container. The conventional SWAT result, which 

measures the rate of surface water absorption at 10 minutes, is termed p600 (in ml/m2/s) 

and the criteria for quality grading proposed by the developers is shown in Table 2-2.  

Table 2-2 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 - 0.50 > 0.50 
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(a)  

(b)   (c)  

(d)      (e)  

 
Figure 2-11 Surface Water Absorption Test (SWAT) device (a) machine unit  
 (b) frame for attachment onto big structures; (b) absorption cup detail;  
 (d) clamp for attachment onto small specimens; (e) water container 
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2.6.3  Autoclam water and air permeability tests 

The ‘autoclam’ (Figure 2-12) is a non-destructive test device and was first 

developed as a water-only permeability test device in the early 1980s by Montgomery 

[31], [39]. It was further standardized and modified into a fully automatic universal clam 

for concrete’s water and air permeability test in the early 1990s by Basheer [40] [31].  

Autoclam is composed of a control panel box (electronic controller), a base ring 

and a base unit (autoclam). Three types of tests are possible with the latest autoclam, 

which uses a microprocessor and allows complete data acquisition to enable easy result 

analysis by a computer: water absorption, water/air permeability. To measure water 

absorption (relating to the sorptivity test and corresponding to 200 mm water head by 

ISAT), a 0.02 bar (2 kPa) pressure is applied [31]. The same test principle is applied for 

the three available tests except for the different amounts of test pressures for each of the 

tests. For the water permeability test, the water pressure is maintained at 1.5 bar (150 

kPa) while 0.5 bar ( 50 kPa) is applied for air permeability. The two basic steps for setting 

up autoclam device are (i) clamping or gluing the steel base ring onto the surface of the 

test concrete and ensuring air and water tightness (the internal diameter of the base ring 

is 50 mm) and (ii) clamping the ‘autoclam’ test device onto the base ring. 
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(a)   

(b)     (c)  

Figure 2-12 Autoclam water and permeability test (a) controller unit with clam  
 (b) base unit (bonding ring type); (b) base unit (bolt-on ring type) 

2.6.4 Double chamber air permeability test 

The two-chamber air permeability tester (Figure 2-13) was invented in the early 

1990s by R. J Torrent of ‘Holderbank’ Management & Consulting Ltd, Switzerland. It 

is fully non-destructive and fundamentally based on the principle in which a vacuum of 

a known airflow geometry is created inside a cell placed on the concrete surface by 

pumping over a certain period [41]. When the two-chamber vacuum cell is applied on 

the surface of the concrete, a unidirectional gas flow is generated into the inner chamber 

and pressure growth is measured. Based on a measured pressure growth and an 

assumption on the relevant porosity of the concrete tested, its gas permeability kT is 

calculated [14]: 

kT = 

2

2

*
2

a

aC

a o

P PIn
P PV

A P t t




  + 
  

−     
   − 

 
  

 (m2)   [2.16] 



 

34 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

where Vc: volume of measuring (inner) cell (2.2*10-6 m3), A: cross-section of measuring 

cell (19.6*10-4 m2), µ: viscosity of air at 20oC (2.0*10-5 Ns/m2),  : porosity of concrete 

(0.15), Pa: atmospheric pressure ( 1000 N/m 2), P: pressure increase, measuring cell 

(< 20 N/m 2), to: setting of stopcock, start of measurement (60 s), t: duration of 

measurement (< 720 s). 

It is a fully automatic device with a microprocessor that can allow the transfer of 

results to a computer and the criterion for quality grading is shown in Table 2-3. 

Two-chamber air permeability device is composed of a two-chamber cell (inner 

and outer chamber) with a diaphragm pressure regulator that keeps the pressure in both 

chambers balanced and the air pump. The basic operation is: with stopcock 3 open, attach 

the two-chamber cell on the surface of the test concrete by creating a vacuum in the two 

cells with the help of a vacuum pump. Stopcock 3 closes when the desired level of 

vacuum has been attained, and the pump then acts on the outer chamber as a regulator. 

Then all the excess air flowing into the outer chamber is evacuated allowing for 

unidirectional airflow in the inner chamber [41]. 

Table 2-3 Grading of covercrete quality by coefficient of air permeability 

Quality Excellent Very good Fair Poor Very 
poor 

Coefficient of air permeability 
kT (10-16m2) <0.01 0.01-0.1 0.1-1 1-10 >10 
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Figure 2-13 Double chamber air permeability test  

2.7 Comparison between SWAT and ISAT 

A simple comparison of the similarities and differences between SWAT and 

ISAT is highlighted as follows: 

i. In the case of SWAT, concrete quality is evaluated by measuring the 

resistance against water absorption in 10 minutes while ISAT allows for 

measurement up to 2 hours.  

ii. SWAT device can easily be attached with the aid of the vacuum pump. 

The easy and non-destructive attachment of the device to the surface of 

the test concrete is not available in ISAT due to the application of 

adhesives and resins for enabling water tightness.     

iii. While SWAT is easily applied on the site and requires a very short set up 

time, ISAT due to its complexity in ensuring water tightness requires a 

longer setup and application time.  

iv. The water head for SWAT during testing can vary with an initial water 

head of about 300 mm and above while a constant water head of 200 mm 

is required in ISAT for its entire testing duration. 
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2.8 Evaluation of covercrete quality by electrical resistivity 
The electric resistivity of concrete, which is defined as the capability of concrete 

to prevent the transfer of ions subjected to an electric field [10], depends on the 

microstructural properties of the concrete such as pore size, pore connections, pore water 

composition and the degree of saturation of the concrete [8], [10]. Apart from being an 

important durability indicator of reinforced concrete structures for designing the 

electrochemical anti-corrosion [8], [26], [42], electrical resistivity is a potential way to 

access and monitor the moisture condition of in-situ concrete [8]. 

Electrical resistivity is widely used both as a destructive and nondestructive test 

and in two respective major ways: quality control test or quality evaluation/ service life 

prediction test. Several test methods are available for the former such as four-electrode 

and surface disc methods while the latter is majorly by Wenner (four-probe) resistivity 

method. Some electrical resistivity test standards include: 

• ASTM Standard C1202-10: Standard test method for electrical indication of 

concrete's ability to resist chloride ion penetration 

• AASHTO TP 95 (2011): Standard test method for surface resistivity of concrete’s 

ability to resist chloride ion penetration. American Association of State Highway 

and Transportation Officials, Washington, D.C., U.S.A 

• AASHTO Designation T 358-151: Surface resistivity indication of concrete’s 

ability to resist chloride ion penetration 

• JSCE Standards JSCE-K 562-2008: Test method for measuring resistivity of 

patching repair materials with four electrodes. 

2.8.1 Four-probe (Wenner method) electrical resistivity method 

The Wenner four-probe method was first introduced at the National Bureau of 

Standards by F. Wenner in 1915 as a method of measuring earth resistivity [43] and its 

application evolved to accommodate the measurement of concrete resistivity. The four-

probe method (Wenner method) has two major methods for probe array and it is one of 
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the most applied non-destructive methods of assessing the electrical resistivity of 

concrete. The array pattern could be a four-point line array (Figure 2-14) or four-probe 

square array. The advantage of the Wenner method is that the electrical resistivity is 

simply calculated from the measurement results (by applying voltage and electrical 

current) using the below equation: 

ρ = 2 *Va
I

   [2.17] 

where ρ: electrical resistivity (Ωm), a : probe spacing (m), V: potential difference 
between probes (V), I: electrical current flowing through the specimen (A) 

The Wenner four-probe method measures the apparent resistivity of the surface of the 

concrete by Wenner protocol on the assumption that concrete is a semi-finite 

homogenous material. It is fully a non-destructive method that is used for laboratory 

quality control tests as well as in-field service life prediction and quality evaluation.   

 
Figure 2-14  Schematic of Wenner (four-point line array) probe method  
  (culled from[42]) 

2.8.2 Four-electrode (volume resistivity method) electrical  resistivity 
 method 

The four-electrode electrical resistivity method measures the volume resistivity 

of the concrete. It uses an alternating current method [44], [45] and sometimes referred 

to as volume resistivity, bulk resistivity or uniaxial resistivity [10]. The alternating 



 

38 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

current method eliminates to some degree, the polarization that exists in the direct current 

method due to the constant and random movement of the charge carriers as the voltage 

polarity changes.   

The method uses two electrodes and two metal plates. The two electrodes are 

placed on the surface of the concrete parallel to two metal plates placed on the opposite 

sides with a moist sponge or conductive material in between (Figure 2-15). It uses 

standard cylinders/prismatic specimens or concrete cores extracted from existing 

structures [10] and the geometrical factor is obtained by the equation: 

k = 𝐴
𝐿
                              [2.18] 

where A: cross-sectional area perpendicular to the current, L: length of the specimen 

Four-electrode resistivity is a laboratory-based quality control test and its application is 

limited for field investigation due to the requirement of placing the two metal plates on 

opposite sides of the concrete member. 

 
Figure 2-15  Schematic of four-electrode (volume) resistivity method   
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Chapter 3 

Establishing a Simple Method for Preconditioning of 
Concrete Specimens to Obtain Uniform Moisture Condition 

 

3.1 Introduction 

The resistance of concrete to mass transfer is a very important property regarding 

the quality assurance and service life prediction of concrete structures. Several 

mechanisms such as migration, diffusion,  capillary suction and permeation are either 

independently or simultaneously responsible for the ingress of deleterious substances 

into the matrix of concrete [1]. The interaction zone between the concrete and the 

environment, which is the surface (10 -50 mm thick layer - ‘covercrete’ [2]), contributes 

a great deal and is known to be the most vulnerable resulting from the impact of 

concreting works and the heterogeneous nature of concrete. 

Moisture content and moisture distribution, especially at the covercrete, is one of 

the most influential conditions affecting the transport properties of concrete [1] and has 

remained the limitation for almost every near-surface absorption and permeability 

tests[3]. 

This chapter presents the investigations conducted to establish a simplified 

method for obtaining an equilibrium moisture distribution throughout the volume of 

experimental concrete samples by varying sealing materials, sealing conditions and 

temperature. 

3.2 Past researches  

Several experimental investigations that adopted 50oC temperature for drying and 

conditioning of concrete samples to moisture equilibrium have been reported [1], [4]–

[6]. Parrot [4] reported the conditioning to equilibrium moisture distribution of 100 mm 

concrete cubes by drying and sealing in a lidded plastic container at 50oC. The relative 
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humidity was monitored at two locations: the surface of the concrete and 35 mm depth 

from the surface through a 20 mm diameter cylindrical cavity.  William and Erik [6] 

conditioned 100 mm (length) x 20 mm (width) x 50 mm (height) OPC prismatic 

specimens (0.6 w/c ratio) in two separate series, the desorption and absorption, at 50oC 

and defined the outer edge of the hysteresis curve. For desorption, [6] dried saturated 

specimens from 90% and down to 80% by open-air while below 80% drying was 

accomplished at 50oC oven drying and equilibrium moisture distribution for both 

desorption and absorption processes were obtained by sealing with plastic. The RILEM 

TC 116-PCD [5] recommended drying and redistribution steps to obtain moisture 

equilibrium in normal grade concrete for the measurement of gas permeability and 

capillary absorption of water. Both pre-drying and redistribution phases are performed 

at 50oC temperature (and the lateral sides of the specimens sealed with impermeable and 

tight materials) which leads to a homogeneous distribution of the equilibrium evaporable 

water content at 75 ± 2% relative humidity in 150 mm x 50 mm thick specimens.  A 

proposal for ‘an improved procedure for obtaining and maintaining well-characterized 

partial water saturation states on concrete samples to be used for mass transport tests’ [1] 

propounded a drying and redistribution curves obtained at 50oC drying and conditioning 

to equilibrium moisture distribution for medium-strength OPC concrete (100 mm x 30 

mm), using water/cement ratios between 0.38 and 0.60.  

It has been noted that conditioning at the temperature of 50oC could adversely 

affect the microstructure of concrete depending on the degree of hydration. To counter 

the effects of conditioning at 50oC temperature on the microstructure of concrete samples, 

Antón et al [1] cured the concrete specimens by total immersion into a saturated Ca(OH)2 

solution for one year. Before drying, [1] sealed the lateral sides of the samples with vinyl 

electric insulation tape to ensure unilateral moisture movement and utilized 

polypropylene lidded container in sealing the samples to attain moisture equilibrium. The 

utilized samples were obtained by slicing 100 mm x 110-130 mm cylindrical specimens, 

which resulted in the exposure of coarse aggregate, making the samples unrepresentative 

of the covercrete.   
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 3.3 Experimental programme 
3.3.1 Materials used 

For a wider range of concrete types, specimens were prepared with ordinary 

Portland cement (OPC) and ground granulated blast furnace slag cement (JIS type B slag 

cement). Table 3-1 shows the concrete mix proportion. For each of the concrete mix 

designs, prismatic specimens measuring 150 mm × 150 mm × 75 mm were prepared. 

Threaded M4 moisture sensors were embedded at 10 mm, 25 mm, 30 mm, 45 mm, 50 

mm and 60 mm depths from the surface (Figure 3-1) to monitor the internal moisture 

distribution during preconditioning. 

The concrete specimens were named as OPC40 for OPC concrete 40% W/C, as 

OPC50 for OPC concrete 50% W/C, as OPC60 for OPC concrete 60% W/C, and BB50 

for BB cement concrete 50% W/C. The specimens were de-moulded after 1 day of 

placement and cured in water for 6 days. Thereafter sealed and kept in a controlled 

environment at a temperature of 20oC and relative humidity of 60% until 90 days after 

casting before test preparations and actual tests were conducted. 

Table 3-1 Concrete mix proportion 1 

Specimen 
name 

 

s/a 
ratio 
(%) 

W/C 
ratio 
(%) 

Mix composition (kg/m3) Admixtures type1 
and dosage2 (%) 

Water Cement Sand Coarse 
aggregate 

(20 mm max) 

Ad AE 

OPC40 45 40 160 400 777 950 1.0 0.0025 

OPC50 47 50 160 320 841 948 1.0 0.0025 

OPC60 48.5 59.9 160 267 890 945 1.0 0.0025 

BB50 47 50 160 320 841 950 1.0 0.0025 
1 Admixture types, Ad: water-reducing admixture, AE: Air entraining agent 
2 Admixture dosage: percentage of admixtures to binder, weight-to-weight ratio 
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Figure 3-1 Description of the prismatic specimen (no 1) showing M4 sensor locations 

3.3.2 Experimental Variables 

Two different temperatures were selected for drying and moisture redistribution. 

Since extensive research has adopted 50oC temperature for conditioning [1], [4]–[6], this 

temperature was first selected. Given the effects of the temperature of sample 

conditioning on the absorption properties of concrete [7], [8] and the possible effect of 

50oC on the microstructural change of the concrete [1], 40oC temperature was also 

selected for drying and moisture redistribution.  

3.3.3 Specimen preparations and sealing materials 

Based on the literature review, careful selection of sealing material for moisture 

redistribution, to obtain moisture equilibrium throughout the volume of the specimen 

was done. To ensure unilateral moisture movement during drying, preconditioning and 

for easy and less redistribution time, vinyl electric insulation tape was used to seal the 

lateral sides of the specimens [1] in the four sealing conditions before adding other 

different sealing material. The sealing materials were combined and designated as 

sealing type A, sealing type B, sealing type C and sealing type D as illustrated below: 



 

49 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

                   
Type A: Vinyl Electric Insulation Tape only      Type B: Vinyl Electric Insulation Tape 

      with Polypropylene Lidded Container 

               
Type C: Vinyl Electric Insulation Tape with      Type D: Polythene Sheet with 

Aluminum  Polythene Sheet           Tape 

3.3.4  Preconditioning and measuring 

The prismatic specimens were saturated by complete immersion in water and 

stepwise drying and moisture redistribution was carried out as follows: 

▪  After saturation of pores by total immersion into water, the four sides of the 

prismatic specimens were sealed with vinyl electric insulation tape to ensure 

unilateral moisture transfer during drying and conditioning 

▪  Stepwise drying for about 4 to 5 hours was done in an oven at the temperature of 

40oC and moisture redistribution (to attain moisture equilibrium throughout the 

volume of the specimens) was conducted by sealing the two remaining faces with 



 

50 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

the different materials (type a to d) explained in section 3.3.3. The same 

procedure was conducted with the sealing materials using 50oC temperature for 

drying and moisture redistribution.  

Moisture movement during redistribution was constantly monitored for the specimens 

with the respective sealing materials until moisture equilibrium is obtained in any one of 

the sealed conditions. Then, the specimens were withdrawn from the oven and allowed 

to cool to a temperature of 20 – 25oC by natural heat loss inside closed containers before 

measurements were taken for all the sealing conditions. Drying and moisture 

redistribution was repeated in this manner.   

3.3.4.1 Kett HI-800 Moisture Meter 

Kett HI-800 is an electrical resistance-type moisture meter (Figure 3-2), made by 

Kett Electric Laboratories, Tokyo, Japan, which is composed of an integrated unit and 

sensor connecting section. The output is expressed in percentage or count values and the 

investigated relationship between the two outputs is shown in Figure 3-3. It was 

previously confirmed by [9] (Figure 3-4) that HI-800 count values have an inverse linear 

relationship with electric resistance.  

          

Figure 3-2 Kett HI-800 moisture meter 
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Figure 3-3 Count values versus percentage values of Kett HI-800 moisture meter 

  

Figure 3-4 Relationship between electrical resistance and kett HI-800 count values      
       (culled from [9]) 
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3.3.4.2 M4 Threaded Electrode Moisture Sensor 

Stainless φ 4 mm threaded rods- M4 were embedded in pairs (10 mm apart) into 

the concrete as the connecting electrodes to the HI-800 moisture meter and the output 

was expressed in count values. The threaded M4 moisture sensors were embedded at 10 

mm, 25 mm, 30 mm, 45 mm, 50 mm and 60 mm depths from the surface and designated 

as point 1, point 2, point 3, point 4, point 5 and point 6 respectively. Moisture movement 

during the redistribution was constantly monitored until equilibrium moisture 

distribution was achieved.   

3.4 Results and discussions  

Some typical plots of the kett HI-800 values against the moisture content 

distributions obtained at experimental temperatures of 50oC and 40oC for the four 

different sealing materials are shown in Figures 3-5 and 3-6 respectively.  

For the experimental temperature of 50oC, moisture equilibrium throughout the 

specimens for several pore water saturation degrees was achieved through only two 

sealing materials: sealing type B (vinyl electric insulation tape with polypropylene lidded 

container) and sealing type C (vinyl electric insulation tape with a polythene sheet). It 

was observed that higher moisture loss and weight change after drying until the time of 

attaining equilibrium moisture distribution during redistribution was seen in specimens 

by sealing type B than in specimens by sealing type C. The higher moisture loss may be 

because of a large room for moisture movement between the two surfaces of the 

specimen and the polypropylene lidded container. While moisture profile of specimen 

from sealing type D was almost constant from the beginning to the end of redistribution 

(as moisture movement within the specimen was observed to have been inhibited by the 

combination of polythene sheet and aluminum tape), that of sealing type A could not 

support moisture redistribution into obtaining equilibrium moisture content. 

As shown in Figure 3-6, equilibrium moisture distribution at 40oC 

preconditioning temperature was achieved by only sealing type C (vinyl electric 
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insulation tape with a polythene sheet). The reduction of 10oC resulted in non-

achievement of equilibrium moisture distribution of specimens by sealing type B. Similar 

to the preconditioning at 50oC, sealing types A and D could not support the redistribution 

of pore water to achieve equilibrium moisture distribution.  

When the effect of preconditioning temperature on the microstructure of concrete 

is put into consideration, which necessitated curing of the concrete samples in a saturated 

Ca(OH)2 solution for one year by [1], it becomes beneficial to adopt sealing type C at 

40oC preconditioning temperature in achieving equilibrium moisture distribution for 

experimental specimens. 

 
Figures 3-5 Preconditioned concrete at 50oC for four sealing conditions to obtain  
        equilibrium moisture distribution  
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Figures 3-6 Preconditioned concrete at 40oC for four sealing conditions to obtain  
        equilibrium moisture distribution    

3.5 Summary of Findings 
Based on the results of the present experimental work which utilized 150 mm x 

150 mm x 75 mm ninety-day old prismatic concrete specimens (ordinary Portland 

cement with 0.4%, 0.50% and 0.60 % water-to-cement ratio and ground granulated blast 

furnace slag cement-JIS type B slag cement with 0.50% water-to-cement ratio), it may 

be stated that the proposed steps could be used to obtain equilibrium moisture distribution 

throughout the volume of concrete specimens at many water saturation degrees of pore 

voids. At preconditioning temperature of 40oC, the combination of vinyl electric 

insulation tape and polythene sheet as sealing materials could be used to obtain 

equilibrium moisture distribution in concrete specimens. The steps involve a desorption 
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process as follows: saturate the permeable pore voids by total immersion into water, seal 

the lateral sides with vinyl electric insulation tape, dry at 40oC to the desired weight, seal 

the two remaining surfaces with a layer of polythene sheet and return to 40oC temperature 

until equilibrium moisture distribution is attained. 
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Chapter 4 

Percentage Saturation Degree of Permeable Pore Voids 
(PSD) and Its Effects on SWAT and Electrical Resistivity 

 
4.1 Introduction 

The penetration of water into concrete, as well as other harmful solutes and ions 

(such as chlorides, sulphates), is considered of great importance as it is virtually the 

beginning of all deterioration processes. This explains why the moisture content of 

concrete is a very important factor in-field assessment of the covercrete quality and 

durability in general. Over the years, the moisture content of concrete has been measured 

and expressed in three major forms as explained in chapter 2 (section 2.8). In all the 

forms of measurement and expression of moisture content of concrete, the pore structure 

(pore voids, pore connectivity, and pore radius) is not directly considered, irrespective 

of the fact that the pore structure governs mass transfer in concrete[1]. Also, it has been 

observed from the forms of expressing moisture content of concrete that a total saturation 

by immersion into water is shown. However, the total saturation of permeable pore voids 

of concrete cannot be achieved by complete immersion into water. Evidence of this is 

that at the so-called saturated state, surface water absorption still occurs when the 

presumed saturated concrete is subjected to test. Furthermore, this has been made clear 

by the ASTM standards test C 642-97 by specifying a 5-hour boiling in of water-

saturated concrete. 

Within the context, the objectives of this chapter are to; 

(1) Propose a mathematical formula for the calculation of the percentage saturation 

degree of permeable pore voids (PSD) of concrete and establish the same as an 

enhanced way to measure and express the absolute moisture content of concrete 

relating to the permeable pore voids. 
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(2) Calibrate kett HI-100 and HI-520-2 surface moisture meters for on-site NDT 

measure of moisture content of concrete as a percentage of the permeable pore 

voids.  

(3) Investigate the relationship between PSD and SD of concrete. 

(4) Investigate the effects of PSD on SWAT and establish the threshold and edge 

saturation degrees of permeable pore voids (PSD) before starting SWAT for an 

accurate evaluation of the quality of covercrete. 

(5) Verify the application of the proposed threshold moisture contents for field 

durability assessment of covercrete quality and propose the most appropriate 

surface moisture meter to be used in combination with SWAT during field 

assessment of covercrete quality. 

(6) Investigate the effects of PSD on electrical resistivity 

4.2  Theoretical background for PSD 

In this section, the basic principle of the derivation of the equation for the 

calculation of PSD is introduced. The formula derived its course from the ASTM 

International designation C 642-97; Standard test method for density, absorption, and 

voids in hardened concrete[2]. For clarity purposes, a recap of the said ASTM standard 

test method is necessary. 

4.2.1  ASTM C 642  

The determination of permeable pore space (voids in %) in concrete involves four 

steps in the experimental standard test method of the ASTM C 642.  The steps are; 

(1) Determination of oven-dry mass of the specimen; The specimen is oven-dried at 

a temperature of 100 to 110oC for not less than 24 hours. Thereafter, the specimen 

is allowed to cool in dry air (preferably in a desiccator) to a temperature between 

20 to 25oC and the mass is determined. The process is repeated until the two 

successive mass values have a difference of less than 0.5% of the lesser mass 

value. The value of the mass is then designated as A: oven-dry mass. 
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(2) Determination of saturated mass after immersion; After obtaining the oven-dry 

mass, the specimen is immersed in water at approximately 21oC for not less than 

48 hours, surface water is removed with a towel and the mass is determined. The 

process is repeated until two successive mass values have a difference of less than 

0.5% of the higher mass value. The obtained mass value is then designated as B. 

(3) Determination of saturated mass after boiling; After step 2 above, the specimen 

is then placed in a suitable receptacle, covered with tap water and boiled for 5 

hours. Thereafter, it is allowed to cool for no less than 14 hours to a temperature 

between 20 to 25oC by a natural loss of heat. The surface moisture is removed 

with a towel and the mass is determined and designated as C. 

(4) Determination of immersed apparent mass; the specimen obtained from step 3 

above is suspended by a wire and the apparent mass in water is obtained and 

designated as D. 

The obtained designated values are applied for the following calculation shown in 

equations (3)-(5). : 

volume of permeable pore space (void)%  =(g2-g1)/g2 X 100               [4-1]                                          

g1 (bulk density, dry) = [A/(C-D)]. ρ                             [4-2]                                                                               

g2 (apparent density) = [A/(A-D)]. ρ                             [4-3]   

where:  A is Oven-dry mass, C is Saturated mass after boiling, D is Immersed apparent 

mass, ρ is Density of water. 

4.2.2  PSD calculation formula 

As shown in the mathematical expressions above, the volume of permeable pore 

voids of concrete (in %) is calculated using values for mass determined by oven drying, 

saturated mass after immersion/boiling and immersed apparent mass. Since the total 

permeable pore void is calculated by the combination of absorption through immersion 

and desorption through drying, it is implied that at saturation, the total percentage of 

permeable pore space is filled by water, hence, 100% PSD. The PSD is calculated by the 

following equation: 
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Percentage saturation degree of permeable pore voids (PSD) 

= 100 – [ (100 x PPSh) / PPSd ]       [4-4] 

where: PPSh is Permeable pore space at partially saturated state, PPSd is Permeable pore 

space at completely dried state.  

 Permeable pore space at partially saturated state, PPSh, is the permeable pore 

space obtained when the partially saturated state which is under consideration 

is assumed as the completely saturated state 

4.3  Experimental programme 
4.3.1  Materials used 

Two sets of concrete were prepared for this study. Table 4-1 summarises the nine 

different types of concrete in the first set employed in the investigation of moisture 

content as a percentage and its effects on SWAT while Table 4-2 is a summary of the 

five different types in the second set employed to investigate the effects of PSD on 

electrical resistivity.  

 (1) Concrete specimens in set 1 

Ordinary Portland cement was used to prepare prismatic specimens. The 

prismatic concrete specimens, 300 mm x 150 mm x 300 mm height were cast with 

wooden form following the mix design in Table 4-1. Three different mixtures were 

prepared in total with different water-to-cement ratios (0.40, 0.50, and 0.60). For each of 

the mix design, two prismatic specimens were prepared with an M4 embedded moisture 

sensor at 5 mm, 10 mm, 15 mm, 30 mm and 50 mm from the surface to monitor the 

internal moisture distribution. The specimens were prepared for validation and 

verification of PSD for structures under natural environmental exposure. Four additional 

specimens were prepared for the selected specimens indicated in Table 4-1 from which 

cores were taken for preconditioning and subsequent PSD testing its effects on SWAT. 

The specimens with 0.40 water-to-cement ratios were designated OPC-40, 0.50 

water-to-cement ratio were designated OPC-50 while 0.60 water-to-cement ratios were 
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OPC-60. To verify the effects of curing conditions on PSD, OPC-60 specimens were 

cured with three different conditions. They were 1 day in mould, 7 days in the mould and 

1 day in mould plus 6 days in water. To distinguish the curing conditions, the designation 

of the specimens were further advanced to OPC-40-1D (for 1 day in the mould), OPC-

40-7D (for 7 days in the mould), OPC-40-1D6W (for 1 day in mould plus 6 days in 

water), OPC-50-1D (for 1 day in the mould), OPC-50-7D (for 7 days in the mould), OPC-

50-1D6W (for 1 day in mould plus 6 days in water), OPC-60-1D (for 1 day in the mould), 

OPC-60-7D (for 7 days in the mould), OPC-60-1D6W (for 1 day in mould plus 6 days 

in water). The 7 days in mould curing condition were selected to replicate the common 

curing condition in real concrete structures. 

Table 4-1 Concrete mix proportion 2 

Specimen name 
 

s/a 
ratio 
(%) 

W/C 
ratio 
(%) 

Mix composition (kg/m3) Admixtures 

type1 and 
dosage2 (%) 

Water Cement Sand Coarse 
aggregate 

(20 mm max) 

Ad AE 

O OPC-40-7D 45 40 160 400 777 950 1.1 0.2 

OPC-40-1D6W 45 40 160 400 777 950 1.1 0.2 
O OPC-50-7D 47 50 160 320 841 948 1.0 0.2 

OPC-50-1D6W 47 50 160 320 841 948 1.0 0.2 
O OPC-60-1D 48.5 60 160 267 890 945 1.0 0.1985 
O OPC-60-7D 48.5 60 160 267 890 945 1.0 0.1985 

OPC-60-1D6W 48.5 60 160 267 890 945 1.0 0.1985 
O Selected specimens without embedded M4 moisture sensor from which cores were   
extracted:  1 Admixture types, Ad: water-reducing admixture, AE: Air entraining agent 
2 Admixture dosage: percentage of admixtures to binder, weight-to-weight ratio 

After curing, the specimens were left in room condition until a period of 

seventeen months (1year and 5months) from the time of casting. The long period before 

testing was necessary to achieve a desirable maturity and to eliminate the possibilities of 

microstructural changes in pores and re-hydration during tests[3], [4].  

(1) Concrete specimens in set 2 
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To evaluate the effects of PSD on electrical resistivity, prismatic specimens 

measuring 100 mm x 100 mm x 400 mm were prepared with five types of concrete shown 

in Table 4-2. The names of the specimens were coded to portray the cement type, water-

binder ratio and type of curing. The type of curing adopted after placement was 28 days 

in mould. The specimens were left in room condition after curing until seven months 

from the time of casting before commencing the tests.  

Table 4-2 Concrete mix proportion 3 

Specimen 
name 

 

s/a 
ratio 
(%) 

w/b 
ratio 
(%) 

Water 
(kg/m3) 

Binder type1 

(kg/m3) 
Admixtures 

(kg/m3) type2 
and dosage3 

(%) 

Coarse 
aggregate 

(20 mm max) 
(kg/m3) 

N BB FA Ad AE 

N40-28D 45.0 40 160 400 - - 1.0 0.0015 973 

N50-28D 47.0 50 160 320 - - 1.0 0.0015 975 

N60-28D 48.5 60 160 267 - - 0.8 0.0015 970 

BB50-28D 46.7 50 160 - 320 - 0.8 0.0015 975 

FA41-28D 47.7 41.6 154 308 - 62 1.0 0.0045 975 
1 Binder types N: ordinary Portland cement, BB: ground granulated blast furnace slag 
cement (JIS type B slag cement), FA: JIS type II fly ash (FA) as 20% by weight of OPC 
replacing fine aggregate 
2 Admixture types, Ad: water-reducing admixture, AE: Air entraining agent 
3 Admixture dosage: percentage of admixtures to binder, weight-to-weight ratio 

4.3.2  Extraction of test samples and preparations 
Concrete cores (φ100 mm) were taken from the selected prismatic specimens 

without embedded sensors shown in table 4-1 (OPC-40-7D, OPC-50-7D, OPC-60-1D 

and OPC-60-7D) across the 150 mm thickness (see Figure. 4-1(a)). The cores with two 

formwork-finished faces (Figure 4-1(b)) were then sliced at 45 mm (as shown in Figure 

4-1(c)) from the surface with a dry-type concrete cutter to form samples φ100 mm x 45 

mm. The choice of this specimen size was made to satisfy the volume of the test specimen 

adopted in ASTM C 642-97 for the determination of the permeable pore voids in 

hardened concrete. Secondly, the chosen specimen size will ensure easy moisture 
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redistribution for eliminating the moisture gradient. For each specimen type, 20 samples 

were prepared and preconditioned to have several saturation degrees.  Two specimens 

were tested for each saturation degree.  

 

  
(a) 

 

             
         (b)     (c) 

Figure 4-1 Extraction of samples from prismatic specimens 

4.3.2.1 Conditioning of samples 

To achieve the desired percentage saturation degrees of permeable pore void in 

the specimens, the cylindrical specimens were pre-conditioned before conducting 

Surface Water Absorption Test and other measurements. Also as earlier stated, it was 
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necessary to redistribute the internal moisture in the specimens to eliminate the possible 

effects of the moisture gradient on surface water absorption. 

First, the cylindrical specimens were saturated by total immersion in water. 

Thereafter, the lateral surfaces of the cylindrical specimens were sealed with vinyl 

electric insulation tape, to eliminate trilateral moisture transfer during pre-conditioning 

[4]. The specimens were then pre-conditioned in a controlled humidity chamber, where 

constant RH and temperature was maintained throughout the study. The inside RH and 

temperature of the chamber were 50% and 40oC respectively. The efficient temperature 

and RH were carefully selected after a series of preliminary investigations to eliminate 

the possibility of microstructural change. The drying of the specimens was continued 

until the desired kett HI-100 surface moisture tester count values are achieved. Afterward, 

the two surfaces of the specimens were sealed with a layer of polythene sheet to enable 

redistribution of the internal moisture. The moisture redistribution time for each of the 

PSD was calculated by multiplying the drying time (used in attaining that particular PSD) 

by 2. The decisions on the sealing materials and the moisture redistribution time were 

made based on several preliminary investigations conducted on similar specimens with 

many sealing materials. Also, the previous research conducted with different sealing 

materials by Antón et al. revealed a similar moisture redistribution time. 

4.3.2.2 Exposure of specimens to a natural environment 

To verify the applicability of PSD and the moisture meter calibration curves 

obtained from the preconditioned samples, the specimens with embedded sensors were 

exposed to the natural environment. The specimens were kept in two different 

orientations (shown in Figure 4-2): wall orientation and slab orientation. The internal 

moisture distribution and moisture contents on the surface were monitored.  
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Figure 4-2 Exposure condition of specimens to a natural environment 

4.3.3  Measurements and testing 
Specimens were allowed to cool down to 20-25oC in a different closed chamber 

before the sealing materials were removed and the measurements were conducted. 

4.3.3. 1 Surface moisture contents 

For the precondition specimens, surface moisture contents were measured with 

Kett HI-100 and Kett HI-520-2 surface moisture meter while for the outdoor exposed 

specimens, surface moisture contents were measured with Kett HI-100, Kett HI-520-2 

and Tramax CMEXpert II. The internal moisture profile for the outdoor exposed 

specimens was measured with kett HI-800 (see Chapter 3 in 3.3.4.1 for details). The 

outline of the surface moisture meters is shown in Table 4-3. 

Table 4-3  Outline of moisture meters 

Name of  
moisture meter  

HI-100  HI-520-2  CMEX II  

Measuring principle  Electric 
resistance  

Radio frequency 
capacity 

Impedance   

Measured objects  Concrete slab  Concrete, mortar, ALC, 
etc.  

Concrete  

Measuring range  0-6 (%), 40-
990 (count)  

Concrete 0-12 (%), 
mortar 0-15 (%), ALC 0-
100 (%)  

Concrete  
0-6.9 (%)  

 

The Kett HI-100 surface moisture meter (Figure 4-3(a)), (which is based on the 

measuring principles of electrical resistivity) results are displaced in percentage (0-6%) 
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or count values (40-990 counts). The count values have been shown to have an inverse 

linear relationship with electrical resistance . The advantages of this surface moisture 

meter over others are the ability to access both the pore water and the pore connectivity 

during measurements for moisture content and the ability to measure moisture content 

up to the depth of 5mm from the surface. This was confirmed by Komatsu et al, where a 

kett HI-100 revealed a higher correlation with the moisture content obtained at the depth 

of 5 mm from the surface[5].   

The HI-100 surface moisture tester uses a rubber-type sensor- figure 4-3(b), that 

compresses with the exerting hand-measuring pressure. It is observed that the count 

values change with change in the pressure exerted during measurements resulting from 

the rubber sensor. To investigate whether this change is significant to the count values 

and surface moisture interpretations, a statistical test considering firm contact and non-

firm contact was conducted with the null hypothesis, H0: PSD is not significantly affected 

by the differences in count values resulting from rubber sensor and contact degree.  

                  

(a)                                                                      (b) 

Figure 4-3  [ (a)Kett HI-100 surface moisture meter (b)Kett HI-100 surface moisture 

         meter rubber sensor] 
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The Kett HI-520-2 moisture meter (Figure 4-4) has the measuring range for 

concrete, 0-12 (%), mortar, 0-15 (%) and alcohol, 0-100 (%). It uses high frequency 

measuring principles [6]. While the measuring sensor for the HI-100 is rubber type, that 

of the HI-520-2 is not rubber, thus not affected by contact degree. 

 

Figure 4-4 Kett HI-520-2 surface moisture meter 

The Tramex CMEXpert II surface moisture meter (Figure 4-5) measures the 

moisture content of concrete by the transmission and conversion of low frequency into 

the concrete through parallel co-planar electrodes. It operates on the measurement 

principle of non-destructive impedance and displays moisture content of concrete in the 

range 0-6.9 (%). 

 

Figure 4-5 Tramex CMEXpert II surface moisture meter 
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4.3.3.2 SWAT 

SWAT described in chapter 2 (2.2.2) was applied to measure the surface water 

absorption at different PSDs for the preconditioned samples. 

4.3.3.3 Electrical resistivity 

Surface electrical resistivity was measured with direct type commercial ‘resipod 

proceq’ device Wenner probe (Figure 4-6). The prismatic specimens were saturated by 

total immersion into water and measurements were taken. Thereafter, moisture contents 

of the specimens were reduced by drying at a temperature of 40oC and subsequent 

resistivity measurements for lower surface moisture conditions were taken. To reduce 

variability, the prismatic specimens were tested at 20°C ± 2.0 °C and probe spacing was 

set at 4 cm and 6 cm. 

 

Figure 4-6 Surface electrical resistivty measurement 

4.3.3.4 Percentage saturation degree of permeable pore voids of concrete (PSD) 

After all the measurements were carried out on the specimens, the SD was 

determined as per [4]’s equation explained in chapter 2 (2.4.2). Along the same line, the 

test for the percentage void volume of each of the specimens was conducted following 

the procedure by the ASTM standard test method C 642-97. The volume of the permeable 

pore voids (%) was calculated as per the ASTM procedure and the PSD at each measured 

saturation level was calculated using the formula proposed in section 4.2.2 above. 
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4.4 Numerical simulation about the effects of PSD on water 
absorption of concrete 

To investigate the pore size distribution and the effective pore radius at different 

percentage saturation degrees of permeable voids (PSD) for the concrete, a multi-scale 

and nonlinear structural analysis software-DuCOM, in which the thermodynamic 

moisture transfer model has been severally applied and validated [7], [8] was used. The 

constitutive model is capable of predicting the hydration of cement and its densification 

by continuous hydration of the un-hydrated cement particles.  

The hydration of cement particles and moisture transport are inherently coupled 

during microstructure development and pore structure formation [8]. DuCOM applies 

the computational prediction of pore structure of concrete as a basis for moisture 

transport computation. Through the application of dynamic coupling of pore structure 

development to both the hydration and moisture models, the increase in the degree of 

hydration for any arbitrary initial and boundary conditions aids in the computation of 

strength development, moisture content and temperature [8]. The formation of new 

hydration products and their deposition in the large water-filled capillary pores is 

explained with the expanding cluster model illustrated in Figure 4-7 where ϕin is the 

porosity of the inner products while ϕou is the porosity of the outermost boundary of the 

expanding cluster. The ϕou equals unity when the expanding cluster has not reached the 

outermost representative cell particle [8]. 

Each capillary and gel porosity distributions, ϕcp(r) and ϕgl(r) is represented as  

V = 1 – exp(– Br), dV = Br exp(– Br)d In r      [4-5] 

where V; fractional pore volume of the distribution up to pore radius r, B; the peak 

distribution in a logarithmic 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(– Bg lr)) + ϕc (1 – exp(– Bcpr))    [4-6] 
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where Bg l  and Bc p  correspond respectively to the gel and capillary porosity components   

The illustration for Ducom multi-scale constitutive model that models concrete 

as a two-phase material (aggregate and cement paste) is given in Figure 4-8 while the 

schematic representation of porosity classification in concrete by Ducom is shown in 

Figure 4-9. 

 

Figure 4-7 Bulk porosity function of outer product and cluster expansion model   
  (culled from [8]) 

 
Figure 4-8  Modeling of solidifying cluster of cement hydrate (culled from [8]) 
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Figure 4-9  A schematic representation of porosity classification in concrete (culled 
  from [8]) 

4.5 Results and discussions 

4.5.1 Relationship between saturation degree (SD) and PSD 

It is a known fact that the most important aspects of determining the acceptability 

of a new method or proposal were its reproductivity, the consistency of results in 

identical specimens, and the accuracy when the results are compared with other accepted 

methods.  The relationship between PSD and SD was investigated as shown in Figure 4-

10. The result revealed that PSD has a good co-relation with SD in 112 tested specimens.   
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Figure 4-10  Relationship between PSD and SD 

It is generally accepted that pore voids of concrete cannot attain complete 

saturation by immersion in water[2]. This, however, has not been reflected in the measure 

and expressions of moisture content of concrete in the literature. As such this aspect was 

investigated in this study using a destructive method and by proposing a mathematical 

formula in which comparison with the popular measure of moisture content-saturation 

degree, in the literature, was carried out. Also, a computational model of the best fitting 

curve for the conversion of kett HI-100 count values to the absolute moisture content of 

concrete as PSD has been proposed. 

 As saturation of pore voids of concrete reaches 42%, kett HI-100 count values 

related to the PSD started showing differences with different water-to-cement contents 

and curing conditions. The lower water-to-cement ratio concrete exhibited lower count 

values. It is evident that the better concretes were comprised of finer pore radii and lesser 

pore connectivity. Three salient points were identified in the relationship between SD 

and PSD as follows: 

(1) Pore radius and connectivity are more significant influences in water absorption and 

desorption that the pore volume 
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(2) The influences of pore radius, pore volume, and pore connectivity are observed by 

PSD and the computational model. 

(3) Complete saturation of permeable pore voids cannot be achieved by immersion into 

water. 

4.5.2 Effects of water-to-cement ratio on pore volume 

As expected, PSD could detect the effects of water-to-cement ratios and curing 

conditions on the moisture content of concrete. Figure 4-11 shows that OPC-40 retained 

more moisture at desorption than OPC-50, OPC-60-7D, and OPC-60-1D. Similarly, 

OPC-50 retained more than OPC-60-7D and OPC-60-1D. The same was the trend for 

OPC-60-7D and OPC-60-1D. Also in a reverse manner, water absorption was faster in 

OPC-60-7D than OPC-60-1D, OPC-50, and OPC-40. The OPC-60-1D absorbed water 

faster than OPC-50 and OPC-40, while OPC-50 absorbed faster than OPC-40. In the 

same vein, figure 4-12 revealed the influence of curing condition on moisture content, in 

which OPC-60-7D retained more moisture than OPC-60-1D.  

These were clear indications that the pore radius and connectivities for the mix 

designs are different from each other due to the different water-to-cement ratios. Higher 

water-to-cement ratio concretes had a bigger pore radius and higher pore connectivity, 

thus faster moisture transfer both in absorption and desorption. These differences were 

not visible in the volume of permeable pore voids (%) for the studied specimens. 
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Figure 4-11  Effects of water-to-cement ratio on PSD 

 

Figure 4-12  Effects of curing condition on PSD 
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4.5.3 Effects of kett HI-100 rubber sensor and contact degree on 
 count values 

Figures 4-13(a), and 4-13(b) show the effects of the rubber sensor of HI-100 on 

count values resulting from contact degree. For all the water/cement ratios studied, the 

influence of the rubber sensor and the resulting contact pressure increases with increasing 

PSD values. Figure 4-13 (a) revealed that the contact pressure did not show much effect 

when moisture contents were lower than  45%PSD. This could be as a result of the 

reduction in the degree of connectivity of the pore water at these PSD values. 

From a simple t-Test: two-sample assuming unequal variances statistical tests 

conducted (Tables 4-4(a) and 4-4(b) the null hypothesis, H0: PSD measurement is not 

significantly affected by the differences in count values resulting from rubber sensor and 

contact degree is rejected. This implies that the rubber sensor of HI-100 and the degree 

of contact significantly affects the moisture content measurement and the interpretations, 

especially when the surface moisture content is above 45%PSD. 

  
   (a)      (b) 

Figure 4-13 (a) Kett HI-100 rubber sensor effects of measuring pressure on count 
 values  for 45%PSD and below  

  (b) Kett HI-100 rubber sensor effects of measuring pressure on count 
 values for 46%PSD and above 
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Table 4-4 (a)  t-Test: two-sample assuming unequal variances for 45% PSD and below 

Observations 23 23 

Hypothesized Mean Difference 0  

df 42  

t Stat 1.876113  

P(T<=t) one-tail 0.0338  

t Critical one-tail 1.681952  

P(T<=t) two-tail 0.067601  

t Critical two-tail 2.018082   

 

Table 4-4 (b) t-Test: two-sample assuming unequal variances for 46% PSD and above 

Observations 11 11 

Hypothesized Mean Difference 0  

df 19  

t Stat 1.61074  

P(T<=t) one-tail 0.061862  

t Critical one-tail 1.729133  

P(T<=t) two-tail 0.123725  

t Critical two-tail 2.093024   

 

4.5.4  Relationship between PSD and moisture content measured by 
 moisture meters 

Figures 4-14(a) and 4-14(b) show the relationship between kett HI-100 count 

values and PSD at covercrete for the general OPC concretes and the individual mix 

proportions respectively.  
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From figure 4-14(b), the specimens exhibited different count values at the same 

PSD except for OPC-60-1D and OPC-60-7D which revealed the same count values at 

the same PSDs. The differences in count values could be attributed to differences in pore 

diameters as it was observed that OPC-60-1D and OPC-60-7D revealed the same volume 

of permeable pore voids. The variation in count values among  OPC-60s, OPC-50, and 

OPC-40 was widened as PSD increased. This is a clear indication of the variations in the 

pore connectivity of the specimens in terms of electric resistivity. Secondly, there is a 

possibility that the effects of the degree of contact resulting from rubber sensors may 

have contributed. Count values obtained from kett HI-100 surface moisture meter, which 

are directly related to the electric resistance of covercrete, showed good correlations with 

PSD of concrete. 

 
Figure 4-14(a)   Kett HI-100 fitting curve for OPC concrete 
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Figure 4-14(b)  Kett HI-100 fitting curve for OPC concrete considering  
 water/cement ratios 

Figures 4-15(a) and 4-15(b) show the relationship between kett HI-520-2 count 

values and PSD at covercrete for the general OPC concretes and the individual mix 

proportions respectively. Similar to the results in Figure 4-15(a) and 4-15(b),  the 

specimens exhibited different percentage values of kett HI-520-2 readings at the same 

PSD but in a lesser order than the kett HI-100 count values. These differences in 

percentage values could also be attributed to differences in pore voids. Unlike in kett HI-

100 results, variations in the percentage values of kett HI-520-2 among  OPC-60s, OPC-

50, and OPC-40 became visible from 30%PSD and above. A higher correlation with PSD 

was obtained with HI-520-2. 
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Figure 4-15(a)  Kett HI-520-2 fitting curve for OPC concrete 

 
Figure 4-15(b) Kett HI-520-2 fitting curve for OPC concrete considering  

 water/cement ratios 
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4.5.5  Relationship between PSD and SWAT  

Figure 4-16(a) shows the effects of PSD on surface water absorption measured 

by SWAT, while Figure 4-16(b) shows the pattern diagram for the regions, A, B, and C 

observed for the different OPC concretes investigated. It was revealed that the surface 

water absorption rate at 10 minutes  (p600) exhibited a near-linear inverse relationship 

with PSD for all the specimens when the PSD was between 0% to 20%. According to 

the increase of PSD, p600  decreased in this region. A different trend was exhibited by all 

the specimens after 20% PSD. For OPC-60-1D, from 21%PSD to 40%PSD, PSD was 

seen to have little or no influence on the surface water absorption. For OPC-60-7D, the 

same tendency was seen from 21%PSD to 42%PSD. For OPC-50, from 21%PSD to 

53%PSD little or no influence was seen on the surface water absorption while for OPC-

40 the plateau range was between 21%PSD to 58%PSD. The plateau range that is 

common to all the specimens is best seen as 21%PSD to 45%PSD.  The range of region 

B increased with a decrease in the water-to-cement ratio of the concrete. For the same 

water-to-cement ratio concrete (OPC-60s), the range increased with better curing 

conditions.  These could be emanating from the fact that water absorbency and moisture 

content of concrete have different pore diameter thresholds. While water absorbency is 

affected by the volume of pore diameters of ca. 100 nm (10-7m) and larger [9], the 

moisture content is further affected by the connectivity of pores regardless of the 

diameter sizes. Furthermore, it can be seen from Figure 4-16(c) that the SWAT results 

in region B showed the influences curing and mix design thereby revealing the accurate 

quality grading that conforms with the original SWAT gradation. 
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Figure 4-16(a) Relationship between PSD and surface water absorption 

 
Figure 4-16(b) Pattern diagram showing the effects of PSD on surface water absorption 
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Figure 4-16(c) P600 versus HI-100 count values showing the threshold 

The results shown in Figures 4-17 and 4-18 were measurements from specimens 

exposed to a natural environment in the wall and slab orientations respectively. The 

temperature and humidity of the environment during the exposure period are shown in 

Figure 4-19. 

Figure 4-17 and Figure 4-18 verify the applicability of PSD in concrete structures 

under a natural environment. From Figures 4-17(a) and 4-18(a), it can be inferred that 

the threshold count value (210 count value) by HI-100 surface moisture meter is 

achievable for OPC40-7D, OPC40-1D6W, OPC50-7D, OPC50-1D6W, OPC60-1D and 

OPC60-1D6W. Contrary to the results from HI-100 moisture meter, Figures 4-17(b) and 

4-18(b) revealed a difficulty in the practical application of the threshold moisture content 

(4.1%) for HI-520-2 surface moisture meter.   
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(a)  

(b)  

Figure 4-17(a) Moisture content by HI-100 surface moisture meter for OPC concretes 
  exposed to the natural environment in a wall orientation 
       (b) Moisture content by HI-520-2 surface moisture meter for OPC concretes 
  exposed to the natural environment in a wall orientation 
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(a)  

(b)  

Figure 4-18(a) Moisture content by HI-100 surface moisture meter for OPC concretes 
  exposed to the natural environment in a slab orientation 
       (b) Moisture content by HI-520-2 surface moisture meter for OPC concretes 
  exposed to the natural environment in a slab orientation 
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Figure 4-19  Variations in outdoor temperature and relative humidity at the exposure 
  location of the concrete specimens 

Verification of the application of PSD to field assessment of covercrete quality 

Practical application of the threshold/edge moisture contents for field NDT 

assessment of covercrete quality is verified with 90-day old concrete specimens shown 

in Figures 4-20 to 4-23. The concrete specimens used in the figures were prepared with 

ordinary Portland cement (OPC) and ground granulated blast furnace slag cement (BB 

cement-JIS type B slag cement). For the OPC concretes, 40%, 50% and 60% W/Cs were 

prepared and represented as N40, N50 and N60 respectively while only 50% W/C was 

prepared for the BB concrete and represented as BB50. Three curing conditions were 

applied viz: 1 day in mould represented as “1D”, 10 days in mould as “10D”, 1 day in 

mould + 9 days in water as “10W”. The specimens were exposed to 60%, 80% and 99% 

RH to obtain several PSDs within and above the threshold PSD.  

For all mixtures, the surface water absorption rate (p600) displays the expected 

plateau range within the threshold of 45% PSD that is equivalent to 210 count values of 

HI-100 moisture meter. This plateau range was only virtualized in HI-520-2 and CMEX 

II moisture meter measurements for the N60 and BB50 series. The N60 and BB50 series 

were seen to exhibit high surface water absorption rates. It is inferred from the Figures 
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that HI-520-2 and CMEX II moisture meters misjudge the pore void saturation degrees 

of good quality concretes. Both PSDs within and above the threshold values were 

virtually dictated as similar moisture contents for N40_10W and N50-10W concretes by 

HI-520-2 and CMEX II moisture meters.   

The most likely explanations are shallow measurement depths by the two 

moisture meters and/or the inability in dictating existing pore water in discontinuous pore 

voids, which seemingly demonstrates that HI-520-2 and CMEX II are unable to 

appropriately measure the pore void connectivity. The HI-100 moisture meter seems to 

be the most appropriate to be used together with SWAT in dictating the PSD of 

covercrete before SWAT application.   

 
 Figure 4-20  Surface water absorption rate against moisture contents by HI-100,            
 HI-520-2 and CMEX II for OPC concrete with 40% water-to-cement content 

  
Figure 4-21 Surface water absorption rate against moisture contents by HI-100,            
 HI-520-2 and CMEX II for OPC concrete with 50% water-to-cement content 
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Figure 4-22   Surface water absorption rate against moisture contents by HI-100,       
 HI-520-2 and CMEX II for OPC concrete with 60% water-to-cement content  

 

Figure 4-23  Surface water absorption rate against moisture contents by HI-100,      
 HI-520-2 and CMEX II for BB concrete with 50% water-to-cement content 

4.5.6  Relationship between PSD and electrical resistivity  

Surface electrical resistivity for drying concrete with internal moisture profile is 

plotted in Figure 4-24. As expected, surface resistivity generally increased with 

decreasing PSD, with a more pronounced increase noted from around 75% PSD and 

below (300 count value). The rapid increase is attributed to the beginning of the loss of 

pore water connectivity that substantially decreases the available electrical channels [10].  

The increase in resistivity is by no means linear to the decrease in PSD. It can be inferred 

that estimating PSD of concrete by HI-100 moisture meter is appropriate since it 

generally reflects the effects of moisture content on electrical resistivity, which has 

already been established by many pieces of research. 
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        (a) 

 
     (b) 

Figure 4-24  Electrical resistivity vs HI-100 count values 
 (a) 40 mm probe spacing (b) 60 mm probe spacing 
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4.5.7  Relationship between PSD and water absorption by simulation 

The outline of the simulation model shown in Figure 4-25 replicates the 

conditioning of the experimental specimens.  A comparison of the two results, which 

measured the relationship between surface water absorption at 10 minutes and the 

percentage saturation degree of pore voids for OPC-40-7D (see Table 4-1 for mix 

composition) is shown in Figure 4-26. It is apparent that the two results are in good 

agreement and showed a similar trend for the plot of cumulative water absorption against 

the percentage saturation degree of permeable pore voids. 

At percentage saturation degrees of pore voids above 60%, the water absorption 

amount in 10 minutes rapidly decreases with an increase in pore void saturation. The 

trend was the same for percentage saturation degrees of pore voids below 30% while 

30% to 60% demonstrates the expected plateau for the virtualized plots.  

 

 
Figure 4-25 Outline of the numerical simulation model 
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 Figure 4-26 Cumulative water absorption per unit area at 10 mins vs percentage  
          saturation degree of permeable pore voids (PSD) for OPC-40-7D 

4.5.8 Combined effects of pore size distribution and pore size volume 
 on water absorption by simulation 

The surface water absorption is expected to be a function of the degree of dryness 

which has a strong dependence on the amount of empty permeable pores. Thus surface 

water absorption should decrease with an increase in the saturation degree of permeable 

pores. Given this, the non-dependency of surface water absorption on the degree of 

dryness (saturation degree of permeable pore voids) between 21% to 45% saturation 

degree of permeable pore voids shown in Figure 4-16(b) is surprising. It can be seen from 

the figure that within the said percentage saturation degree of permeable pore voids, a 

plateau was formed on the surface water absorption for all the concrete mix design shown 

in different indices. 
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Initial saturation degree of permeable pore voids within region A and C 
In region A (predominately 0% to 20%PSD), which could be seen as a relatively 

dry region, the capillary pore system is empty thus rapid surface water absorption occurs 

when concrete is placed in contact with water. Since the bigger gel pores are not filled, 

as water enters the large capillary pores, rapid-partial redistribution into the smaller 

empty pores occurs; similar to [11] revelation of the influence of gel pore water in the 

transport of water in much larger capillaries, thereby allowing for an increase in internal 

swelling that reduces the pore connectivity and lowering the amount of absorption. For 

this reason, surface water absorption in this region has a near-linear inverse relationship 

with the saturation degree of permeable pore voids until the critical size radii that aid in 

moisture redistribution are filled up. The critical pore is seemingly within 20%PSD and 

below. 

 Region C which could be seen as a wet region similarly shows a water absorption 

relationship with PSD as a near-linear inverse relation. The entire region ranged from 

21% to 58%PSD with variations therein. For the concrete mixes, the range increased 

with a decrease in water-to-cement ratio and increased with better curing for the OPC-

60s.   In this region, only bigger pores that have sole water absorbency [9] are empty. As 

absorption proceeds, smaller pores are filled reducing the available empty pore for 

absorption. 

Initial saturation degree of permeable pore voids within region B 

Nearly zero influence of PSD to water absorption was observed in this region, 

thus a plateau in the pattern diagram was observed. Here, the critical pore radii that 

contribute to the partial redistribution of moisture have already been filled resulting in 

reduced water absorption. In this region, capillary water absorption requires a longer time 

due to discontinuity in pore connections together with the tortuous property of concrete. 

As can be seen in Figure 4-27, increasing surface water absorption time to 6 hours 

eliminated the plateau region. The empty capillary pore diameter in this region is 

seemingly between 10-8 m (10 nm) and 10-7 m (100 nm) (Figure 4-28) relating to [9] 

assertion that water absorbency is affected by pores with capillary diameter 10-7 m (100 
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nm) and above. The pore radii in the region have strong relations with the threshold pore 

size by the mercury intrusion porosimetry (MIP) test. Water absorption measurements 

that are conducted in this PSD region will best assess the pore size distribution and 

threshold pore size characteristics of the concrete. 

The threshold for the saturation degree of permeable pore voids for the evaluation 

of surface water absorption is in the region (the shaded portions of Figure 4-28(b)-(e)) 

since the obtained rate of absorption (p600) reflects the covercrete quality grading shown 

in Chapter 2, Table 2-2. Furthermore, the PSD in region A could hardly be observed in 

concrete structures under natural atmospheric exposure, thus the upper threshold is the 

most important and could be regarded as 45%PSD. The schematic diagram of the water 

absorption mechanism for the plateau formation is shown in Figure 4-29.  

 

Figure 4-27 Numerical result showing long- and short-term surface water absorption 
  for OPC-40 concrete  
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Figure 4-28 Combined effects of pore size distribution and pore size volume on 
  water absorption showing the ‘plateau’ region obtained by simulation  
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Figure 4-29 Schematic diagram of the water absorption mechanism for the plateau 
  formation  
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4.6  Summary of findings 

Based on the experimental investigation and the analysis of the results, the 

following conclusions are drawn: 

1. There is an over-estimation of moisture content of concrete when the moisture 

contents were measured without referencing the permeable pore voids of the 

concrete. 

2. For accurate and absolute measurement of moisture content of concrete, it is 

necessary to consider the percentage volume of permeable pore voids of the 

concrete. The boiling process is necessary for obtaining the accurate volume of 

permeable pore voids of concrete. 

3. Count values obtained from Kett HI-100 surface moisture meter, which are 

directly related to the electric resistance of covercrete, showed good correlations 

with PSD of concrete. HI-100 may be utilized for detecting PSD of concrete to 

check whether concrete is sufficiently dried for appropriate measurement of 

SWAT.  

4. Similar to Kett HI-100, surface moisture tester, Kett HI-520-2 results showed 

good correlations with PSD of concrete and may also be utilized to obtain the 

PSD at the covercrete. 

5. For accurate covercrete quality evaluation when utilizing SWAT, the threshold 

and edge PSD should be within region B, i.e the common plateau range for all 

the specimens. The threshold PSD is 21% and the edge PSD is 45%PSD. For kett 

HI-100, the threshold and edge PSDs are 135 count values and 210 count values 

respectively. Similarly, the threshold and edge PSDs for kett HI-520-2 obtained 

from the linear function are 3.0% and 4.1% respectively. However, the HI-520-2 

threshold may not be appropriate for field estimation of PSD as revealed by 

further investigations. The SWAT results obtained when the surface moisture 

content of concrete is within this PSD range conforms with the graduation of 

covercrete quality shown in Table 1. This plateau range depends on the volume 

of empty capillary pore diameter between ca. -10-8 and 10-7. 
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 Chapter 5 

Effects of Hysteresis on SWAT, Air Permeability and Surface 
Moisture Contents 

 
5.1 Introduction  

The transfer and penetration of deleterious substances into the matrix of concrete 

structures largely depends on the pore structure and the saturation degree of the 

permeable pore voids. Also, the path in which the permeable pore voids underwent to 

attain a particular saturation degree may subsequently affect its resistance to gaseous and 

liquid penetrants. In this context, the objective of this chapter is to evaluate the influence 

of wet-dry path (desorption) and dry-wet path (absorption) on surface water absorption, 

air permeability and surface moisture contents. 

5.2  Experimental programme 

5.2.1  Experimental variables 

Concrete specimens were preconditioned to study the influence of moisture 

hysteresis on surface water absorption and air permeability at different saturation degrees 

of permeable pore voids. Eighteen prismatic specimens were preconditioned to moisture 

equilibrium for each concrete mix in two different ways. The moisture profile during 

redistribution was monitored with embedded M4 moisture sensors at 4 different depths 

in 6 specimens (Figure 5-1) for each mix design. The conditioning of the specimens was 

done in two ways- desorption and absorption processes, one for each of the series. 
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Figure 5-1 Description of prismatic specimen (no 2) showing M4 sensor locations 

5.2.1.1 Moisture equilibrium at different PSDs through desorption process 

For wet-to-dry path (desorption process) conditioning, one set of the prismatic 

specimen (3 with sensors and 6 without sensors) was saturated by complete immersion 

in water and step-wise drying and moisture re-distribution was carried out as follows: 

▪  After saturation of pores by total immersion into water, the four sides of the 

prismatic specimens were sealed with vinyl electric insulation tape to eliminate 

multi-lateral moisture transfer during conditioning [1]. 

▪  The specimens were then dried for 6 hours in a controlled humidity chamber at 

40oC temperature and 50% relative humidity and moisture re-distribution (to 

attain moisture equilibrium throughout the volume of the specimens) was 

conducted by sealing the two remaining faces with a layer of polythene sheet and 

returning them in the controlled chamber, at the same temperature and relative 

humidity. 
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5.2.1.2 Moisture equilibrium at different PSDs through absorption process 

To condition the specimens and obtain moisture equilibrium at different PSDs by 

dry-to-wet path (absorption process), the pore water in the permeable pore voids of a set 

of the prismatic specimens (3 with sensors and 6 without sensors) was emptied to its 

lowest possible degree by drying at a temperature of 40oC and 50% relative humidity. 

This temperature was selected to ensure that only the water in the permeable pore voids 

was removed by the drying and further and to avoid inducing cracks to the specimens. 

After drying, the lateral sides of the specimens were sealed with vinyl electric insulation 

type to ensure unilateral absorption and limit speedy saturation during step-wise wetting.    

Thereafter, step-wise saturation by total immersion into water for 15 minutes and internal 

moisture re-distribution was carried out in a controlled humidity chamber at 40oC 

temperature and 50% relative humidity. After every withdrawal from water, the surfaces 

were dried with a towel, the mass was recorded and the two remaining faces were sealed 

with a layer of polythene sheet before returning them into the controlled chamber for 

moisture redistribution.  

On confirming moisture equilibrium at every redistribution, moisture re-

distribution time was recorded, the specimens were transferred into a closed container 

until a temperature of 20-25oC was attained by natural heat loss, and measurements were 

done.   

5.2.2  Materials used 

Tables 4-2 (see chapter 4) and 5-1 summarise the five different types of concrete 

used in this study, which were selected from among the commonly used concretes in 

Japan. The names of the specimens were coded to portray the cement type, water-binder 

ratio and type of curing. The type of curing adopted after placement was 28 days in 

mould. The prismatic specimens were measuring 150 mm x 150 mm x 75 mm. For this 

study, 21 prismatic specimens were prepared in total for each concrete type. Six has 

embedded moisture sensors to monitor the moisture during redistribution. Three 

prismatic specimens were used to determine the volume of permeable pore void as per 
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ASTM C642 and the PSD was calculated from the average (see Chapter 4, Section 

4.3.3.3 for details of PSD calculation) while 12 prismatic specimens were used for 

SWAT and double chamber air permeability tests. 

Table 5-1 Fresh and hardened properties of concrete 

Specimen 
name 

 

Air 
content 

(%) 

Slump 
(cm) 

Initial 
temperature 

(oC) 

Volume of 
permeable 
pore voids 

(%) 

Compressive Strength (MPa) 

28 days 90 days 

N40-28D 5.6 13.5 22 7.64 41.9 49.1 

N50-28D 4.9 14 22 8.42 39.2 44.9 

N60-28D 4.3 12.5 22 9.21 27.6 33.9 

BB50-28D 3.5 12.5 21 8.8.5 30.6 44.1 

FA41-28D 3.8 11.5 22 8.18 40.2 45.7 

5.2.3  Measurements and testing 

Measurements were conducted after obtaining moisture equilibrium as explained 

in two sub-sections above. As earlier mentioned, the specimens were first allowed to cool 

down in a closed chamber to a temperature between 20 to 25oC (to eliminate the influence 

of temperature on the values of the surface moisture testers) before the sealing materials 

were removed. The following measurements were sequentially conducted, and the 

obtained values recorded: 

i.  Internal moisture distribution by HI-800 (see Chapter 3, Section 3.2.4.1 

 and Table 3-3 in Chapter 3)  for specimens with embedded moisture 

 sensors 

ii.  Mass of the specimen by AND GX-10K balance with a sensitivity of 

 0.01g 

iii.  Moisture content by HI-100 for  specimens without embedded moisture 

 sensors (see Chapter 4, Section 4.3.3.1 and Table 3-3 in Chapter 3 for 

 details of HI-100) 
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iv.  Moisture content by HI-520-2 for  specimens without embedded moisture 

 sensors (see Chapter 4, Section 4.3.3.1 and Table 3-3 in Chapter 3 for 

 details of HI-520-2) 

v.  Moisture content by CMEX II for  specimens without embedded moisture 

 sensors (see Table 3-3 in Chapter 3 for details of CMEX II) 

vi.  SWAT on 3 specimens without embedded moisture sensors (see Chapter, 

 Section 2.6.2 for details of SWAT) 

vii.  Double chamber air permeability tests on 3 specimens without embedded 

 moisture sensors (see Chapter, Section 2.6.4 for details of double chamber 

 air permeability test) 

PSD at each measurement time was deduced through the volumes of permeable 

pore voids as per the ASTM C642 from the mean value of 3 prismatic specimens (see 

Chapter 4, Section 4.3.3.3 for details of PSD calculation). 

5.3 Results and discussions  

Figure 5-2 shows the drying and redistribution curves. Internal moisture 

distribution was monitored at regular intervals until it reached equilibrium and 

redistribution time was recorded. The mass change was noted and PSD was calculated 

with equation  4-4, defined as a percentage of pore voids. 

It can be noticed that while the moisture redistribution time varied with the type 

of cement and water-to-binder content, it was similar for OPC concretes when saturation 

was above 80% PSD, as it refers to the emptying of the large capillary pores. For all the 

concrete types, moisture redistribution time rapidly increased in multiple orders as drying 

time increased, revealing that; as drying of the pore water approaches the smaller pores, 

even much longer time is required for the movement of pore water in smaller pores 

during redistribution. 
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5.3.1 Effects of desorption and absorption processes 
5.3.1.1 Influence of desorption and absorption processes on SWAT  

The result of the ongoing experimental investigation of the rate of water 

absorption measured by SWAT at different percentage saturation degrees of permeable 

pore voids obtained through desorption (wet-to-dry) process and absorption (dry-to-wet) 

process is shown in Figure 5-3.  

Although the results shown in Figure 5-3 have not yet covered Contrary to the 

expectation, the resulting trend shows no visible effects of desorption and absorption 

processes on the rate of surface water absorption by SWAT. Significant moisture 

hysteresis that occurs between desorption and sorption over RH range and the well-

documented influence of moisture history on equilibrium moisture content [2]–[4]  does 

not seemingly affect the rate of water absorption measured by SWAT. A possible 

explanation might be the elimination of the ink-bottle effect by preconditioning the entire 

concrete volume to moisture equilibrium [5] before SWAT measurement.  
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Figure 5-2 Drying and redistribution curves (a) N40-28D (b) N50-28D (c) N60-28D 
  (d) BB50-28D (e) FA41-28D 
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Figure 5-3 Rate of surface water absorption- p600 for desorption (wet-to-dry) process  
  and absorption (dry-to-wet) process  preconditioned concretes at different 
  percentage saturation degrees of permeable pore voids  

5.3.1.2 Influence of desorption and absorption processes on air permeability 

It is defining and clear that the coefficient of air permeability- kT value is not 

affected by the path of preconditioning applied to obtain a particular pore void saturation 

of concrete expressed in PSD as shown in Figure 5-4.  

Although the PSD range for each preconditioning path does not yet cover the 

entire pore void saturation degrees, the trend can be seen from Figure 5-5 that the kT 

values against the PSDs for the same concrete mix obtained through desorption and 

absorption preconditioning processes follow the same linear approximation line. For 

both preconditioning processes and in all concrete types, kT values increase linearly with 

a decrease in the PSD. The trend is more pronounced for the N60-28D concrete  
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Figure 5-4 Coefficient of air permeability-kT for desorption (wet-to-dry) process  
  and absorption (dry-to-wet) process  preconditioned concretes at different 
  percentage saturation degrees of permeable pore voids 

 
Figure 5-5 Linear approximation line of kT values for desorption (wet-to-dry)  
  process and absorption (dry-to-wet) process  preconditioned concretes at 
  different percentage saturation degrees of permeable pore voids 
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5.3.1.3 Influence of desorption and absorption processes on kett HI-100   

Figure 5-6 shows HI-100 count values against PSD for equilibrium moisture 

content by desorption and absorption condition processes for five different concrete types 

(N40-28D, N50-28D, N60-28D, BB50-28D and FA41-28D). It can be noticed that the 

influence of moisture history on equilibrium moisture content was not significant on the 

plot of HI-100 count values against the saturation degree of permeable pore voids-PSD 

for equilibrium moisture content by desorption and absorption condition processes. Also, 

the moisture contents (in count values) obtained from both desorption and absorption 

processes are convergent and similar between 30 % PSD to 40% PSD, which is the 

intersection for the moisture contents obtained from the two pre-conditioning processes. 

The negligible effects showing in the difference between the independent approximation 

lines and the common approximation and non-convergent of points in Figure 5-6 may be 

an indication of different ionic concentrations in the pore water of the 5 kinds of concrete 

in the plot since kett HI-100 is an electric resistance-based moisture meter, which is 

affected by the ionic concentration of pore water [6].  

Furthermore, the test results in Figures 5-7 and 5-8 indicated a good coherence 

on the equilibrium moisture contents from the preconditioning processes. Both the rate 

of water absorption (Figure 5-7) and the coefficient of air permeability (Figure 5-8) 

showed good correlations with HI-100 count values.  
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Figure 5-6 HI-100 count values against PSD for equilibrium moisture content by 
  desorption and absorption condition processes  

  
Figure 5-7    P600 against moisture content    Figure 5-8   kT values against moisture  
         by HI-100 moisture meter   content by HI-100 moisture meter 
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5.3.1.4 Influence of desorption and absorption processes on kett HI-520-2  

Similar to Figure 5-6, the equilibrium moisture content by HI-520-2 (in %) 

obtained through desorption and absorption condition processes for five different 

concrete types (N40-28D, N50-28D, N60-28D, BB50-28D and FA41-28D) is shown in 

Figure 5-9. As could be noticed, desorption and absorption processes do not affect the 

moisture measured by HI-520-2. Furthermore, a good correlation is obtained between 

the rate of water absorption measured by SWAT and the equilibrium moisture contents 

as shown in Figure 5-10. Also, Figure 5-11 showed a good relationship between the 

coefficient of air permeability and the equilibrium moisture contents. 

 

Figure 5-9 HI-520-2 moisture content against PSD for equilibrium moisture content 
  by desorption and absorption condition processes  
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Figure 5-10 P600 against moisture content   Figure 5-11 kT values against moisture 
         by HI-520-2 moisture meter            content by HI-520-2 moisture meter 
 

5.3.1.5 Influence of desorption and absorption processes on CMEX II 

As can be noticed in Figure 5-12, CMEX II moisture meter is not effective in 

detecting the moisture contents of concrete towards the two extremes of pore void 

saturation, below 18% PSD and above 88% PSD. This resulted in poor relationships 

between the rate of water absorption and CMEX II moisture content, the coefficient of 

air permeability and CMEX II moisture content shown in Figure 5-13 and Figure 5-14 

respectively. In reality, extreme dryness of covercrete (below 20% PSD) might not be 

observed- particularly in non-dessert areas, but covercrete could be saturated up to 88% 

PSD and above after rainfall and remain same for several hours. Nonetheless, no 

significant influence of the desorption and absorption processes was noticed on 

equilibrium moisture content measured by CMEX II.  
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Figure 5-12 CMEX II moisture content against PSD for equilibrium moisture content 
  by desorption and absorption condition processes  

  

Figure 5-13 P600 against moisture content   Figure 5-14 kT values against moisture 
         by CMEX II moisture meter            content by CMEX II moisture meter 
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5.4 Summary of findings  

To study the influence of hysteresis on SWAT, double chamber air permeability 

test and surface moisture meters, five types of concrete were preconditioned to moisture 

equilibrium at several percentage saturation degrees of permeable pore voids (PSDs) 

through desorption and absorption processes. Based on the experimental results and the 

analysis of the data, the following findings have been made: 

• There is no influence of hysteresis on the rate of water absorption, p600 by 

SWAT for OPC concrete with w/c contents, 40%, 50% and 60%, ground 

granulated blast furnace slag cement concrete (50% w/c content) and OPC/fly 

ash concrete (w/b 41.6%). For the same PSD, the rate of water absorption was 

similar for specimens from the desorption-preconditioned and absorption-

preconditioned processes.  

• There is no influence of hysteresis on air permeability, kT values by double 

chamber air permeability test for OPC concrete with w/c contents, 40%, 50% 

and 60%, ground granulated blast furnace slag cement concrete (50% w/c 

content) and OPC/fly ash concrete (w/b 41.6%). For the same PSD, the kT 

value was similar for specimens from the desorption-preconditioned and 

absorption-preconditioned processes. 

• For the same PSD, moisture content from HI-100 was similar for specimens 

from the desorption-preconditioned and absorption-preconditioned processes. 

The result was similar for HI-520-2 and CMEX II moisture meters respectively. 

It is summarized that there was no significant effect of hysteresis on moisture 

contents measured by HI-100, HI-520-2 and CMEX II. 

The findings in this present study revealed that there is no significant influence 

of hysteresis on SWAT, kT values and surface moisture contents for 5 types of concretes 

preconditioned to moisture equilibrium. The reason might be related to a previous study 

by [5] which explained that preconditioning concrete to moisture equilibrium eliminates 

the ink-bottle effects (shown to be the major cause of hysteresis [2], [3]), thus different 
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results might be obtained for concretes with internal moisture gradient. Nonetheless, the 

present study findings verify SWAT as a simple non-destructive quality evaluation 

method.    
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Chapter 6 

Investigation on the Correlation between Surface Water 
Absorption Test (SWAT) and JSCE Sorptivity Test 

 

6.1 Introduction  
It is general knowledge that the durability of concrete depends largely on the 

resistance of concrete against the penetration of both liquid and gaseous deleterious 

substances[1]. The water absorption resistance of concrete has been the most common 

and the simplest index for durability assessment.  

It has long been confirmed that the short-term water penetration depth of concrete 

has an approximately linear relationship with the square root of immersion time. 

Although many methods and test standards have previously been utilized to evaluate the 

water penetration rate of concrete, most of them are destructive and remain inapplicable 

in field investigations, evaluations and grading of RC structures. Recently in 2018, JSCE 

G-582 was established as a test standard for determining the water penetration rate 

coefficient of concrete subjected to water in short-term. This paper evaluates the 

relationship between the experimental results of JSCE-G 582 test standard and the results 

of the Surface Water Absorption Test (SWAT) method.  

The coefficient of surface water absorption, CSWA, for quality evaluation by 

SWAT is newly introduced in this study and compared with JSCE-G 582 test results. 

Furthermore, conventional SWAT indices like p600 and total absorption amount are also 

compared with JSCE-G 582 test results. In this paper, the applicability of SWAT is 

evaluated for evaluating water absorption resistance in a short time.  

 

 



 

115 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

6.2  Investigation method 

6.2.1  JSCE-G 582 test standard 
The 2018 JSCE G-582 described in 2.5.3 was applied to determine the water 

penetration rate coefficient of the concretes. 

6.2.2  SWAT 

SWAT described in 2.6.2 was applied in investigating the water penetration 

resistance of the concretes. 

6.2.3  Coefficient of water absorption 

Sorptivity is often determined from the gradient of the straight line obtained by 

plotting the cumulative water absorption per unit area against the square root of time[1]. 

It is often observed that the straight lines hardly pass through the origin, either with a 

negative intercept or with a positive intercept. Reasons for negative intercepts have been 

attributed to the dense surface layer and a slight delay in the start of timing, while for the 

positive intercept, a slightly early start of timing [1], [2]. 

The approach to the coefficient of water absorption by SWAT is the same with 

sorptivity, which is the slope from a linear regression obtained by plotting the cumulative 

water absorption per unit area against the square root of time. Modifications are applied 

to linear regression lines when intercepts at the origin are seen, as noted [1] that one-

dimensional water absorption data usually produce an intercept at t = 0. Thus, the general 

equation defining one-dimensional water absorption is more correctly written as:  

 

i = St1/2 +B             [5-1] 

 

where i: cumulative absorbed volume of water per unit area of supply surface, S: 
sorptivity, t: time and B accounts for the negative or positive intercept. 
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 6.3  Experimental programme 

6.3.1  Materials used 

Concrete specimens were prepared with ordinary Portland cement (OPC), ground 

granulated blast furnace slag cement (JIS type B slag cement) and JIS type II fly ash (FA) 

as 20% by weight of OPC replacing fine aggregate. Tables 4-2 and 5-2 (in chapter 4 and 

chapter 5 respectively) show the concrete mix proportion and fresh properties of the 

concrete. For each of the concrete mix designs, 15 cylindrical specimens (100 mm × 

200 mm) were prepared among which 9 specimens were used for JSCE-G 582 and 6 

specimens were used for compressive strength tests. 3 prismatic specimens (100 mm × 

100 mm × 75 mm) were prepared for SWAT. 

The concrete specimens were named as OPC_40 for OPC concrete 40% W/C, as 

OPC_50 for OPC concrete 50% W/C, as OPC-60 for OPC concrete 60% W/C, as BB_50 

for BB cement concrete 50% W/C and as FA_50 for OPC plus FA concrete 41.6% W/B.  

After casting, the specimens were sealed and kept in a controlled environment 

with a temperature of 20oC and relative humidity of 60% for 28 days before demolding. 

Thereafter, the specimens were further left in the same controlled environment at the 

same temperature and humidity until 60 days after casting before test preparations and 

actual tests were conducted. 

6.3.2  Sample preparations and test methods 

6.3.2.1 Conditioning for JSCE-G 582 test 

For each mix design, 9 cylindrical specimens were prepared for JSCE-G 582 test 

for water penetration rate coefficients. The steps for sample preparations were per JSCE-

G 582 2018 test method. To reduce the time for the preparation of the specimens, the 

drying time adopted in this study was 28 days drying at a temperature of 40 ± 2oC and 

relative humidity of 30 ± 5%. Aluminum tape and epoxy resin were used for sealing the 

lateral sides and the surface that was not exposed by cutting. 
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The moisture penetration tests were also conducted following JSCE-G 582 2018 

standard. The spacers used were point ended (Figure 6-1) to ensure that they do not 

occupy up to 10% of the surface area of the specimen. For each specimen, 4 spacers were 

placed as illustrated in Figure 6-2. The measurements were conducted at 5 hours, 24 

hours and 48 hours respectively. For each measurement time, 3 specimens were 

measured for each of the concrete mix designs. The immersion was done in a controlled 

room of 20 ± 2oC temperature and relative humidity of 60 ± 5%. The steps for 

measurements were as follows: 

The specimen was split into two halves with a compressive strength testing 

machine. The water penetration depths were taken at five locations, L1-L5, from one half 

of the split specimen with a vernier caliper. The recorded measurements close to the 

edges (sealed sides) of the specimen were taken at a distance, 20 mm from the edge of 

the specimen. The water penetration depths (as shown in Figure 6-4) were determined 

by spraying a colour-differentiating water dictator, which corresponds to the NDIS 3423 

method. 

           

Figure 6-1 Spacer                    Figure 6-2 Illustration of the placement of  
      the spacers 

6.3.2.2 Conditioning for Surface Water Absorption Test 

Before cutting and removing the 25 mm thickness from the face of the form-

finished-surface of the cylindrical specimens, SWAT was conducted after 60 days of 

casting. The surface moisture contents were measured by kett HI-100 and recorded 
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before SWAT. The same measurements were taken at the exposed surface after cutting 

out the 25 mm. The SWAT measurements on the cylindrical specimens were not utilized 

in evaluating the correlations between the two test methods. They were conducted to 

elucidate the influence of surface moisture content on SWAT.  

The SWAT conducted on the prismatic specimens were utilized to evaluate the 

correlation between the two test methods.  The prismatic concrete specimens were first 

exposed to sun drying to reduce the surface moisture content below the threshold for 

appropriate measurement of SWAT.  The threshold value of HI-100 count value of 210 

has been previously established by the authors which show sufficient dryness of surface 

covercrete ensuring accurate covercrete quality evaluation by SWAT [3].  

6.3.2.3 Surface moisture content 

The surface moisture content of concrete was measured with kett HI-100 

moisture tester. The Kett HI-100 surface moisture meter (which is based on the 

measuring principles of electrical resistivity) results are displaced in percentage (0-6%) 

or count values (40-990 counts). The count values have been shown to have an inverse 

linear relationship with electrical resistance. The advantage of this surface moisture 

meter over others is the ability to measure moisture content up to the depth of 5mm from 

the surface, which was confirmed by Komatsu et al, where a kett HI-100 revealed a 

higher correlation with the electric resistivity at the depth of 5 mm from the surface[4] 

6.3.2.4 Compressive strength test 

The strength development for the concrete specimens was investigated by 

compressive strength tests at 28 days and 90 days respectively. Results were averaged 

values from three 100 mm x 200 mm cylindrical specimens. 
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6.4  Results and discussions 

6.4.1  Strength development of concrete 

Figure 6-3 shows the compressive strength of the concretes at 28 days and 90 

days. It is apparent that the applied curing condition enhanced the hydration which 

resulted in good strength development of the concretes. 

 
Figure 6-3 Compressive strength of the concrete specimens 

6.4.2  Water penetration rate coefficient- A 

Figure 6-4 shows the waterfront observed by spraying the colour-differentiating 

water dictator for the measurement of the depths of moisture penetration for the three 

measurement times. 
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(a)  

(b)  

(c)  

Figure 6-4 (a) 5-hours water penetration depth (b) 24-hours water penetration depth 
  (c) 48-hours water penetration depth 
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Table 6-2 shows the respective average penetration depths at 5 hours, 24 hours 

and 48 hours for the concrete specimens, the water penetration rate coefficient-A and the 

constant- B, obtained from JSCE-G 582 test. Just as expected, the penetration depth 

increased with immersion time and with the increase in W/C for OPC concretes. It can 

be inferred that the performances of BB_50 and FA_50 in resistance to moisture 

penetration were almost the same throughout the measurement. Table 6-1 revealed that 

the progress of penetration depth of BB concrete between 24 hours and 48 hours was 

very small compared to those of other concretes. This could be attributed to the 

discontinuity of pore connections of inside concrete of BB concrete resulting from the 

continuous hydration. This is evident in its time-dependent strength development shown 

in Figure 6-3. 

Table 6-1 The average moisture penetration depth and the moisture penetration   rate 
coefficients of concrete 

 
Type of 
concrete 

Average Depth of Moisture Penetration (mm)  
A: Moisture 
Penetration 

Rate 
Coefficient 
(mm/√ℎ𝑟) 

 
B:  

Constant 
5 hours 24 hours 48 hours 

  
     OPC-40 20.2 21.1 34.7 33.0 42.2 41.8 4.4 11.4 

OPC-50 27.2 28.8 47.1 43.9 56.1 55.1 5.6 16.5 
OPC-60 30.2 31.4 55.8 54.6 72.0 71.8 8.6 12.5 
BB-50 19.4 22.8 34.7 31.7 38.2 38.3 3.3 15.5 
FA-50 20.7 22.2 33.5 31.9 39.1 39.1 3.6 14.3 

6.4.3  Coefficient of water penetration 

From the linear regression of the plot of penetration depth (mm) over the square 

root of immersion time (in hours) shown in Fig. 6-5, the coefficient of water penetration 

was deduced and its relationship with the moisture penetration rate coefficient-A by 

JSCE-G 582 2018 as explained in equation (1) is shown in Fig. 6-6. A good correlation 

exists between the two indices, proving that the slope from the regression line is a good 

index.  
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Figure 6-5 Linear regression of penetration depth over the square root of immersion 

     

Figure 6-6 Moisture penetration rate, A versus coefficient of water penetration 
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5.4.4  Coefficient of surface water absorption- CSWA 

Figure 6-7 shows the SWAT result (p600) against the surface moisture content for 

the cylindrical specimens measured at 60 days. The moisture content estimated from the 

count values obtained from HI-100 moisture meter was much higher than the threshold 

value proposed by the authors even after 60 days of casting in this research. Threshold 

value is the maximum moisture content (210 count value of HI-100 moisture meter) 

beyond which the moisture content of concrete adversely affects the appropriate quality 

evaluation of covercrete. SWAT was conducted for these relatively wet concretes, whose 

results did not represent the actual evaluation of the covercrete quality of the concrete[3].  

On the other hand, in Figure 6-8 (from prismatic specimens), SWAT result (p600) 

shows much higher values than in Figure 6-7 due to lower HI-100 count values.  It is 

thought that the results of SWAT in Figure 6-8 with HI-100 count values lower than the 

threshold value of 210 exhibits the actual covercrete quality.  Another clear indication of 

the accuracy of the evaluation is the visible effect of W/C in OPC concretes. 

The coefficients of surface water absorption by SWAT (CSWA) were deduced 

from the linear regression shown in Figure 6-9. CSWA was obtained by dividing the 

cumulative water absorption (in ml/m2) at  600 seconds (after the starting of SWAT 

measurement) by the square root of the measurement time (in seconds). Intercept C 

explained in equation 3 is taken as zero.   Figure 6-10 shows the relationship between 

p600 and CSWA at different measurement timings. It can be seen that a good correlation 

exists between the two indices. A new index of SWAT, CSWA can effectively be applied 

in the reduction of SWAT measurement time for the evaluation of covercrete quality of 

existing RC structures 
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Figure 6-7 p600 versus HI-100 count values of the cylindrical specimens after 60 
 days of casting 

 

               
Figure 6-8 p600 versus HI-100 count values  of the prismatic specimens 
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Figure 6-9 Linear regression of cumulative water absorption by SWAT 

 

 
 

Figure 6-10 Relationship between p600 and coefficient of surface water absorption 



 

126 Effects of pore void saturation degree on nondestructive tests for durability assessment of concrete 
structures 

6.4.5 Relationship between the two test methods  

In the case of SWAT, concrete quality is evaluated by measuring the resistance 

against water absorption in 10 minutes. In this research, SWAT was conducted before 

removing 25mm thickness from the bottom surface of cylindrical specimens, therefore 

coarse aggregate was not exposed. On the other hand, in JSCE-G 582 test, 25 mm 

thickness of concrete was removed from the bottom surface before conditioning and 

subsequent measurement thereby included the direct influence of exposed aggregate on 

water absorption. Furthermore, JSCE-G 582  requires long-term drying of specimens to 

achieve almost steady weight and also requires destructive tests until  48 hours after 

starting water penetration. Due to the destructive nature of the JSCE-G test result, it can 

not be applied for the evaluation of covercrete quality of actual structures.       

Figure 6-11 shows the relationship between the coefficient of surface water 

absorption- CSWA from SWAT results and the coefficient of water penetration from 

JSCE-G 582 test results. From this figure, it is shown that the moisture coefficient of 

water penetration by the JSCE-G 582 test and CSWA are correlated with a correlation 

coefficient of 0.78. A high p-value of 0.12 can be seen from the result. Similarly, Figure 

6-12 is showing, the cumulative water absorption from SWAT against the depth of 

penetration from the JSCE-G 582 test, where a correlation exists with a correlation 

coefficient of 0.80. A similar p-value of 0.11 was revealed.  

SWAT and JSCE-G 582 results have good correlation, however, the number of 

data is limited at present, and further investigation is necessary. Especially, BB concrete 

is showing much higher resistance against water absorption in JSCE method than in 

SWAT, which might be related to the denseness of inner concrete where SWAT is not 

sensitive. 
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Figure 6-11  Correlations between CSWA and coefficient of water penetration  by    
 JSCE 

 

               

Figure 6-12  Correlations between cumulative water absorption from SWAT and 
 depth of penetration from JSCE-G 582 
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6.5 Summary of findings  

This study investigated the correlations between SWAT and the JSCE-G 582 test 

standard, and proposed a new SWAT quality grading index, by utilizing concrete 

mixtures with varying cement types (OPC, BB and FA) and W/B content (40%, 41.6%, 

50% and 60%). The following conclusions can be drawn: 

•  A correlation exists between the coefficient of surface water absorption-CSWA 

by SWAT and the coefficient of water penetration by JSCE-G 582 test with a 

correlation coefficient of 0.78. Similarly, a correlation exists between the 

cumulative water absorption from SWAT and the depth of penetration from the 

JSCE-G 582 with a correlation coefficient of 0.80. This implies that any of the 

two indices from SWAT could effectively be applied to evaluate the resistance 

of concrete to moisture penetration without going through the destructive and 

rigorous process of calculating the moisture penetration rate. However, the 

number of data is quite limited, so further investigation is necessary.  

•  The coefficient of water penetration from JSCE-G 582 which was obtained from 

the slope by linear regression has a good linear relationship with the moisture 

penetration rate coefficient obtained by JSCE-G 582 calculation formula, A.   

•  Compared to other concretes, BB concrete showed much higher resistance 

against water absorption in JSCE method than in SWAT, which might be related 

to the denseness of inner concrete where SWAT is not sensitive. 
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Chapter 7 

Conclusions 
 

7.1  General 
This research was aimed at elucidating the effects of saturation degree of pore 

voids on nondestructive test assessment of concrete quality when applying durability 

indicators such as water absorption, air permeability and electrical resistivity. Systematic 

laboratory investigations were conducted, appraised by numerical simulations and the 

applicability of the results to quality evaluation of real concrete structures was verified. 

The set objectives necessary for achieving the aim follows thus: 

• To establish a simplified method for preconditioning of concrete specimens to 

obtain uniform moisture conditions throughout the volume of the specimens. 

• To propose an absolute measure and expression of moisture contents of 

concrete that relates to the volume of permeable pore voids, experimentally 

investigate its effects on resistance to water absorption of concrete utilizing 

Surface Water Absorption Test (SWAT), and the effects on electrical resistivity 

while verifying the same by numerical simulation. By this means, propose the 

threshold/edge values of moisture contents of concrete before starting SWAT 

for appropriate NDT assessment of resistance to water penetration of the 

covercrete. 

• To verify the application of the proposed threshold/edge moisture contents for 

field durability assessment of covercrete quality and propose the most 

appropriate surface moisture meter to be used in combination of SWAT during 

field assessment of covercrete quality. 

• To investigate the effects of moisture hysteresis on SWAT, air permeability and 

surface moisture contents. 

• With the application of the threshold/edge moisture contents and the surface 

moisture meter, investigate the relationship between SWAT and JSCE-G 582 
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sorptivity test and establish a new NDT concrete quality grading index (via 

SWAT) that correlates with the destructive sorptivity test gradation. 

7.2  Establishing a Simplified Method for Preconditioning of 
Concrete Specimen to Obtain Uniform Moisture 
Condition 

The current section was tailored towards establishing a simplified method to 

obtain equilibrium moisture distribution throughout the volume of an experimental 

concrete specimen applying a preconditioning temperature that lest affects the 

microstructure and the transport characteristics of the concrete.  Based on the results of 

the present experimental work which utilized 150 mm x 150 mm x 75 mm ninety-day 

old prismatic concrete specimens (ordinary Portland cement with 0.4%, 0.50% and 

0.60 % water-to-cement ratio and ground granulated blast furnace slag cement-JIS type 

B slag cement with 0.50% water-to-cement ratio), it is concluded that the proposed steps 

could be used to obtain equilibrium moisture distribution throughout the volume of 

concrete specimens at many water saturation degrees of pore voids. At preconditioning 

temperature of 40oC, the combination of vinyl electric insulation tape and polythene 

sheet as sealing materials could be used to obtain equilibrium moisture distribution in 

concrete specimens. The steps involve a desorption process as follows: saturate the 

permeable pore voids by total immersion into water, seal the lateral sides with vinyl 

electric insulation tape, dry at 40oC to the desired weight, seal the two remaining surfaces 

with a layer of polythene sheet and return to 40oC temperature until equilibrium moisture 

distribution is attained.  

7.3  Percentage Saturation Degree of Permeable Pore Voids 
(PSD) and its Effects on SWAT and Electrical Resistivity 

A new form of measurement and expression of moisture content of concrete- 

percentage saturation degree of permeable pore voids (PSD), which relates directly to 

the volume of permeable pore voids in absolute terms, was proposed and its effect on the 
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Surface Water Absorption Test (SWAT) and electrical resistivity were investigated. 

Conclusions are drawn as follows: 

•  There is over-estimation of moisture content of concrete when the moisture 

contents were measured without referencing the permeable pore voids of the 

concrete. 

• For accurate and absolute measurement of moisture content of concrete, it is 

necessary to consider the percentage volume of permeable pore voids of the concrete. 

The boiling process is necessary for obtaining the accurate volume of permeable pore 

voids of concrete. 

• Count values obtained from Kett HI-100 surface moisture meter, which are directly 

related to the electric resistance of covercrete, showed good correlations with PSD 

of concrete. Kett HI-100 may be utilized for detecting PSD of concrete to check 

whether concrete is sufficiently dried for appropriate measurement of SWAT.  

• Similar to Kett HI-100, surface moisture tester, Kett HI-520-2 results showed good 

correlations with PSD of concrete and may also be utilized to obtain the PSD at the 

covercrete. 

• For accurate covercrete quality evaluation when utilizing SWAT, the threshold and 

edge PSD should be within region B, i.e the common plateau range for all the 

specimens. The threshold PSD is 21% and the edge PSD is 45%PSD. For kett HI-

100, the threshold and edge PSDs are 135 count values and 210 count values 

respectively. Similarly, the threshold and edge PSDs for kett HI-520-2 obtained from 

the linear function are 3.0% and 4.1% respectively. The SWAT results obtained when 

the surface moisture content of concrete is within this PSD range conforms with the 

graduation of covercrete quality shown in Table 1. 
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7.4 Effects of Hysteresis on SWAT, Air Permeability and 
Surface Moisture Contents 

To study the influence of hysteresis on SWAT, double chamber air permeability 

test and surface moisture content, five types of concrete were preconditioned to moisture 

equilibrium at several percentage saturation degrees of permeable pore voids (PSDs) 

through desorption and absorption processes. Based on the experimental results and the 

analysis of the data, the following conclusions are drawn: 

• There is no influence of hysteresis on the rate of water absorption, p600 by SWAT for 

OPC concrete with w/c contents, 40%, 50% and 60%, ground granulated blast 

furnace slag cement concrete (50% w/c content) and OPC/fly ash concrete (w/b 

41.6%). For the same PSD, the rate of water absorption was similar for specimens 

from the desorption-preconditioned and absorption-preconditioned processes.  

• There is no influence of hysteresis on air permeability, kT values by double chamber 

air permeability test for OPC concrete with w/c contents, 40%, 50% and 60%, ground 

granulated blast furnace slag cement concrete (50% w/c content) and OPC/fly ash 

concrete (w/b 41.6%). For the same PSD, the kT value was similar for specimens 

from the desorption-preconditioned and absorption-preconditioned processes. 

• For the same PSD, moisture content from HI-100 was similar for specimens from the 

desorption-preconditioned and absorption-preconditioned processes. The result was 

similar for HI-520-2 and CMEX II moisture meters respectively. It is summarized 

that there was no significant effect of hysteresis on moisture contents measured by 

HI-100, HI-520-2 and CMEX II. 

The findings in this present study revealed that there is no significant influence 

of hysteresis on SWAT, kT values and surface moisture contents for 5 types of concretes 

preconditioned to moisture equilibrium. The reason might be that preconditioning 

concrete to moisture equilibrium eliminated the ink-bottle effects, which has been known 

to cause the hysteresis loop. Thus different results might be obtained for concretes with 
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internal moisture gradient. Nonetheless, the present study findings verified SWAT as a 

simple non-destructive quality evaluation method.     

7.5 Investigation of the Correlations between SWAT and 
JSCE Sorptivity Test 

The present section centered on verifying the practical application of the 

threshold percentage saturation degree of permeable pore voids (threshold PSD) for 

quality assessment and grading of concrete. A correlative investigation of concrete’s 

resistance to water penetration between results of the non-destructive SWAT (measured 

within the threshold PSD initial moisture content of unconditioned specimens) and a 

destructive JSCE-G 582 test standard was conducted. Also, it propounded a new SWAT 

quality grading index, by utilizing concrete mixtures with varying cement types (OPC, 

BB and FA) and W/B content (40%, 41.6%, 50% and 60%). The following conclusions 

can be drawn: 

•  A correlation exists between the coefficient of surface water absorption-CSWA 

by SWAT and the coefficient of water penetration by JSCE-G 582 test with a 

correlation coefficient of 0.78. Similarly, a correlation exists between the 

cumulative water absorption from SWAT and the depth of penetration from the 

JSCE-G 582 with a correlation coefficient of 0.80. This implies that any of the 

two indices from SWAT could effectively be applied to evaluate the resistance 

of concrete to moisture penetration without going through the destructive and 

rigorous process of calculating the moisture penetration rate. However, the 

number of data is quite limited, so further investigation is necessary.  

•  The coefficient of water penetration from JSCE-G 582 which was obtained from 

the slope by linear regression has a good linear relationship with the moisture 

penetration rate coefficient obtained by JSCE-G 582 calculation formula, A.   

•  Compared to other concretes, BB concrete showed much higher resistance 

against water absorption in JSCE method than in SWAT, which might be related 

to the denseness of inner concrete where SWAT is not sensitive 
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7.6  Recommendation for Further Research 

1. The verification of the proposed pore void saturation degree threshold in this 

research covered a range of mix variables and simulated environmental exposures, but 

the scenarios were by no means exhaustive. Future work could investigate a wider range 

of conditions (e.g. concrete structures at different ages of production, concrete structures 

after exposure to freezing and thaw, concrete structures with different aggregate volume 

fractions) for a more comprehensive understanding of the characteristics of the combined 

influence of pore void saturation and pore size distribution on nondestructive tests 

assessment and transport properties in general. 

2. Extensive numerical investigations to consider the influence of concrete 

temperature, environmental temperature and measurement time on the proposed 

threshold and plateau range is recommended for a better understanding with regards to 

the degree of saturation of pore voids.   

 


