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Abstract 

As buildings become more airtight and insulated, the movement and accumulation 

of moisture within building envelopes become paramount in determining its resiliency. 

Current methods for quantifying the moisture content (MC) of wood species involve the 

measurement of electrical resistance between two installed electrodes and the use of 

existing empirical correlations to evaluate the MC. However, these correlations do not 

adequately consider the impact of sensor orientation and electrode type within wall 

assemblies. The aim of this study was to statistically examine the impact of sensor 

orientation and electrode geometry on MC measurements in 126 eastern white pine 

samples with electrodes placed along and across the grains of the wood using six different 

fasteners. Samples were placed in a controlled environmental chamber until steady state 

was achieved at three relative humidity (RH) levels. Oven-dry MC measurements were 

taken and electrical resistances were measured in both directions as samples reached steady 

state at each RH level (73.3%, 85%, and 92.5%) at temperatures ranging from -10℃ to 

40℃. Based on the homogeneous nature observed from statistical t-tests, it was determined 

that sensor orientation does not have a significant impact on MC measurements (p>0.05) 

and therefore does not need to be considered. Additional t-tests and multivariate regression 

analyses using Pfaff and Garrahan’s empirical MC equation showed that fasteners similar 

in geometry to 2.1mm stainless steel nails require a unique set of regression coefficients 

(p<0.05) to minimize overall 𝑅𝑀𝑆𝐸 from 1.81%MC to 0.79%MC. A different and more 

general set of regression coefficients was developed for the other 5 fasteners to minimize 

the overall 𝑅𝑀𝑆𝐸 from 1.15%MC to 0.85%MC. When using electrodes and regression 

coefficients that are incompatible, errors associated with MC can reach up to ±2% MC.   
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Chapter  1: Introduction 

1.1 Background 

Moisture-related durability is a significant consideration in wood-based building 

envelope design, particularly when insulation levels and air tightness of wall and roof 

assemblies are increased. Insulation in homes provides suitable resistance to heat flow 

through buildings and as such, it improves occupant comfort and lowers heating and 

cooling costs. In addition, making a building envelope airtight improves indoor air quality 

as well as contributes to the prevention of losing conditioned air. As new insulation 

materials are introduced and building enclosure designs become more airtight, this 

increases the requirement for better testing methodologies and more accurate moisture 

content (MC) sensors. By adding insulation to the outside of structural wall sheathing, 

while also using new materials with very low vapour permeances, a greater potential for 

moisture accumulation can arise. An example of this type of wall construction is seen in 

Figure 1-1. This accumulation of moisture may lead to mould, mildew, health-related 

problems, and in extreme cases, cause wood components to rot, leading to structural 

failures. For lumber-based construction, these problems are caused by exposure of wood 

to high relative humidity levels over extended periods of time [1,2]. Several techniques 

exist today for measuring MC in wall assemblies, but these methods have high 

uncertainties when implemented during long-term field testing due to sensor drift and 

external sources of damage such as dust, rust, corrosion, etc. 
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Figure 1-1: Example of wall assembly implemented in Canadian homes [3]  

In this context, MC is defined as the mass of water in wood and is expressed as a 

percentage of the mass of oven-dry wood. The National Building Code of Canada (NBC) 

specifies that lumber must have a maximum MC of 19% prior to on-site installation [4]. 

Before assembling the frame of a dwelling, MC levels of wood products are typically 

verified using hand-held portable moisture meters that are intended to be used for “spot-

checks”. However, once the building envelope is assembled and it becomes air-tight 

through addition of insulation, determining where potential moisture can accumulate over 

extended time periods becomes challenging. Since MC is not continuously monitored in 

homes, dangerous MC levels are typically only detected when it becomes too late (i.e., 

when occupants see visible damage). Implementing MC sensor technology for long-term 

monitoring applications can provide a good indicator of when moisture accumulation 

occurs in wood-based construction.  

1.2 Wood and its Reaction to Moisture 

Wood is often used in residential building applications because of its relatively low 

cost, satisfactory performance, and its abundance in North America [5]. Wood is a 

hygroscopic and porous building material – meaning that it is able to gain or lose moisture 
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and store it within the cell lumens and cell walls. However, serious decay only occurs when 

the MC of wood begins to approach the fiber saturation point (FSP) [6]. By definition, FSP 

occurs when the cell walls in wood are completely saturated with bound water, but no water 

exists in the cell lumens. The FSP in wood varies from one tree species to another, but it is 

generally known that the FSP averages at ~30% MC. Water vapour on its own is generally 

not enough to cause serious decay damage in wooden building materials. This damage is 

typically caused through a point of failure in a building where wooden materials are 

exposed to liquid water for long time-periods. Rain and condensation from infiltrating air 

are common external sources that are resultant from these points of failure and would 

contribute to the accumulation of moisture, causing decay damage. The justification for the 

19% MC specification by the NBC for building lumber is linked to the wood’s ability to 

get infected with decay fungi. This rule essentially provides a reasonable margin of safety 

in preventing damage from decay fungi [7,8].  

Depending on the surrounding relative humidity (RH) and temperature conditions, 

wood is able to maintain an equilibrium moisture content (EMC) where it stops absorbing 

or releasing moisture, and a balance with the surroundings is achieved. Therefore, when 

measuring in-situ MC, it is necessary to take temperature and RH into consideration as 

each of these factors impacts MC significantly.  

The curve relating EMC and RH at a constant temperature is often referred to as a 

sorption isotherm. There are two major isotherms which dictate the paths in which moisture 

is transported into and out of wood. Adsorption (wetting) and desorption (drying) are paths 

that water take to allow wood to reach EMC from a dry condition and a wet condition, 

respectively. Typically, the ratio of adsorption EMC to desorption EMC is constant at 
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approximately 0.85 according to the Wood Handbook [9]. When these two paths of 

moisture transport are combined, a sorption hysteresis (Figure 1-2) is formed. When 

implementing sensor technology that is dependent on RH, taking the direction of moisture 

transport into consideration is important as readings can be offset due to the sorption 

hysteresis. For example, if a sensor is calibrated for collecting MC measurements along 

the adsorption isotherm, using it to collect measurements as a wood specimen is drying can 

underestimate the MC.  In this example, following the wrong isotherm can underestimate 

the MC by as much as 4% MC when collecting measurements near high RH levels (e.g., 

𝑅𝐻=90%) as seen in Figure 1-2.   

 

Figure 1-2: Sorption hysteresis in wood, adapted from [9] 

1.3 Measuring Moisture Content in Wood 

Several types of MC sensor technology are used today for measuring MC in wood 

as a porous building material. However, most of these techniques are not suitable for long-
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term monitoring applications. Methods that are typically used in a lab-based setting (e.g., 

gravimetric method, radiation attenuation, etc.) are limited in that they are too destructive 

or costly. Other methods that are used in an in-situ setting (e.g., capacitance method, 

thermographic imaging, etc.) can be used for monitoring applications; however, they also 

have limitations such as not being able to assess moisture gradients in wood. An extensive 

literature review of these techniques is given in Chapter 2. The MC measurement method 

used in this study and the focus of this dissertation is the resistance method.  

Electrical conductance in wood increases as internal MC increases. Since electrical 

resistance is the reciprocal of electrical conductance, it is also said that electrical resistance 

in wood decreases as internal MC increases. By inserting a pair of electrodes or fasteners 

into a wooden board at a distance of about 30 mm and measuring the direct current (DC), 

the electrical resistance between the electrodes can be determined via a digital multimeter 

(DMM) and the corresponding value is correlated to the MC in the wood. Electrodes 

inserted into the wood can be pins, or fasteners such as nails or screws and it is optional to 

add electrical insulation while keeping the tips exposed (for measuring MC at specific 

depths). Normally, a nearly logarithmic relationship exists between resistance and MC.  

When a MC measurement is taken using the resistance method, the value recorded 

typically includes the sum of three resistance terms. These terms are made up of two contact 

resistances, where the electrodes meet the wood (RC1 and RC2), and the resistance of the 

wood (RW) itself. A source of power, V, provides the necessary voltage to power the DC 

circuit. The power source is typically a DMM so it can also measure the resistances in 

series. An electrical diagram of this is seen in Figure 1-3.  
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Figure 1-3: Resistance method electrical diagram 

The resistance method is effective for measuring MC in wood from 6% MC up to 

the FSP [10]. Above the FSP, the accuracy of this method significantly decreases. Below 

6% MC, measuring electrical resistance becomes challenging as a lack of moisture in wood 

requires a DMM that is capable of reading very large resistances (> 10 GΩ). To provide 

some context, resistance values can range from a few hundred kiloohms when wood is wet 

to more than five gigaohms when wood is dry. That said, being able to measure MC below 

6% is not necessary as dry wood does not pose the risk wet wood does.  

1.4 Problem Definition 

MC measurements recorded using the resistance method are affected by several 

factors (e.g., temperature, species type, measurement depth, etc.) which are more 

extensively discussed in Chapter 2. This dissertation examines the impact of sensor 

orientation on MC measurements. Sensor orientation in wood refers to the grain direction 

in which the electrodes are inserted into the wood. In addition, the dissertation also 

examines the impact of electrode type on MC measurements. This is done by testing 
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different low-cost electrodes (i.e., fasteners) and examining the effect each type has on MC 

measurements. 

Determining the impact of these factors on MC measurements is done via statistical 

analyses in this dissertation. Datasets recorded using multiple sensor orientations or 

electrode types were compared amongst each other to determine their statistical 

significance levels which then dictated whether sensor orientation and electrode type 

should be accounted for when measuring MC. The motivation behind undertaking this 

study is that existing MC empirical correlations do not adequately account for grain 

direction or electrode type when the resistance method is used. Therefore, multivariate 

regression analyses were performed in this dissertation using a commonly used MC-

resistance empirical correlation to yield unique sets of regression coefficients that 

correspond to specific grain directions and/or electrode types. 

1.5 Research Objectives 

The overall goal of the research presented in this dissertation is to determine if grain 

direction and electrode type should be considered when using a sensor that measures MC 

using the resistance method. To meet this goal, the research had the following objectives: 

1. Develop and document a detailed methodology that consists of two components: 

an experimental component that aims to develop a low-cost MC sensor using the 

resistance method, and an analytical component that focuses on performing 

statistical analyses on large datasets collected at different RH and temperature 

levels. 
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2. Determine if sensor orientation (i.e., grain direction) has a statistically significant 

impact on MC measurements in eastern white pine and whether it should be taken 

into consideration when using the resistance method to evaluate MC. 

3. Determine if electrode geometry has a statistically significant impact on MC 

measurements in eastern white pine and whether it should be taken into 

consideration when using the resistance method to evaluate MC. 

4. Using multivariate regression analysis, develop a set of regression coefficients that 

can be used as part of an existing empirical equation for eastern white pine. Based 

on the results of statistical analyses, coefficients corresponding to individual or 

combined grain directions and/or electrode types can be developed. 

5. Examine the response of resistance measurements to changes in wood temperature 

and incorporate data from all tested temperatures into regression coefficients. 

6. Examine the statistical effect of using calculated regression coefficients in 

comparison to values from literature on overall MC accuracy.   

7. Investigate and discuss potential experimental limitations faced during the testing 

period, and document these limitations for future testing of the same nature. 

1.6 Contributions to Research  

This work was conducted at Carleton University Centre for Advanced Building 

Envelope Research (CU-CABER). It is anticipated that this work will advance the 

knowledge and development of low-cost, long-term, and accurate sensors for measuring 

MC in common wood building components such as lumber, OSB and plywood. 

Specifically, the following contributions were made in this study: 
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1. Documented detailed experimental and statistical methodologies that will be later 

used as a reference as part of an effort to help in the development of long-term, 

low-cost MC sensors. 

2. It was statistically determined (p>0.05) that resistance-based MC sensors can be 

installed in any grain direction without the need to consider the impact of sensor 

orientation.  

3. It was statistically determined (p<0.05) that electrode (or fastener) type should be 

taken into consideration when taking MC measurements using the resistance 

method as MC can be under- or overestimated by 2% MC. 

4. By performing multivariate regression analyses, two unique sets of regression 

coefficients were developed where each set corresponds to fasteners with high and 

low surface contact areas.  

5. The response of MC measurements to changes in temperature were identified and 

regression coefficients were developed while accounting for a wide range of 

temperatures (-10°C to 40°C). 

6. Minimized root-mean-square-error (RMSE) and maximized coefficient of 

determination (R2) values by comparing with regression coefficients from 

literature. 

7. Highlighted limitations behind experimental procedure to help streamline this 

process for future testing that looks into other building materials. 

Results from this work have been presented and accepted for publication at the 

International Building Physics Conference (IBPC) in 2021 [11]. In addition, a journal 

article is currently being prepared and will present the overall findings of this study. 
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1.7 Organization of Research 

The information in this dissertation includes research that has been conducted 

over a period of two years and the organization of the chapters is as follows: 

Chapter 1 – Introduction: An introduction to MC measurement methods, a background of 

the resistance method and an outline of the dissertation.  

Chapter 2 – Literature Review: A review of literature on MC measurement research 

including experimental testing and empirical equations. 

Chapter 3 – Methodology: A detailed description of the experimental procedure and the 

statistical analysis approaches taken. 

Chapter 4 – Results: A summary of the MC/resistance trends, statistical analyses, and 

regression results. 

Chapter 5 – Discussion: A discussion of the experimental limitations faced and the 

significance of results in-terms of in-situ testing. 

Chapter 6 – Conclusions and Future Work: A conclusion of the work done in the 

dissertation along with recommendations for future areas of study.  
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Chapter  2: Literature Review  

This chapter contains a literature review of existing methods that are used today to 

measure MC in wood as a building material – this includes the resistance method which is 

the main focus of this dissertation. This is followed by previous studies that have examined 

the impact of temperature, sensor orientation, and electrode geometry on MC 

measurements taken in wood using the resistance method. To gain a better understanding 

of this content, internationally recognized standards that specialize in providing detailed 

procedures about MC measurements and conditioning endpoints in wood are first 

introduced in the chapter as they are used in this work and throughout literature. The 

chapter also examines existing empirical MC correlations from literature where one is 

selected as the statistical regression model to be used in the analysis stage. Finally, research 

gaps and limitations are outlined as a closing statement to the chapter. 

2.1 Moisture Content Measurement Methods 

Methods that are commonly found in literature and have been developed for 

measuring MC in wood or wood-based materials are seen in Figure 2-1. For the purposes 

of this dissertation, the methods were divided into two categories: 1) ones that are typically 

used in a research or lab setting, and 2) ones that are used in-situ for assessing real-time 

MC.  

It is worth noting that in-situ-based methods may be used in a research or lab 

setting; however, research-based methods cannot be used in an in-situ setting due to 

reasons such as high cost and destructiveness. It is also worth noting that the “gravimetric” 

and “distillation” methods (later discussed) are considered to be direct measurement 

methods. The reason being is that, using these methods, the mass of water in wood 
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specimens is directly extracted and weighed, allowing MC in wood to be calculated. On 

the other hand, the rest of the methods seen in Figure 2-1 are considered to be indirect 

measurement methods. This is the case as these methods require evaluation of a physical 

material property in wood which then correlates to MC using mathematical equations and 

models. 

 
* = direct measurement method 

Figure 2-1: Moisture content measurement methods 

The purpose of this section is to provide a background of existing measurement 

methods that are used to determine MC. This section aims to identify why each of the 

methods found in Figure 2-1 (with exception to the electrical resistance method) is not 

suitable for monitoring applications. This is done by providing brief descriptions of each 

method along with their advantages and disadvantages. By doing so, the section is 

concluded by identifying why using the resistance technique is the preferred method for 

long-term MC monitoring. 
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2.1.1 Research-Based Methods 

The gravimetric (oven-dry) method has been universally accepted as the reference 

technique to determining MC in wood as it directly weighs the mass of water within the 

samples and is therefore the most accurate [12]. This method involves cutting a sample 

from a wooden board and drying it in a forced-convection oven. The sample is weighed 

before and after the drying process, and the difference in mass represents how much 

moisture evaporated. Dividing this amount of moisture by the mass of the dry wood yields 

MC which is representative of the wooden board. This method can be used to measure MC 

before framing a house by repeating this process on several boards of lumber and obtaining 

an average MC; however, once the framing for the house is assembled, the method 

becomes impractical and destructive as a cutout is needed. As a result, a less invasive 

method is required on-site. 

 The distillation method is another direct measurement method which is used to 

measure MC in wood that contains volatile extractives such as preservatives and chemical 

constituents (e.g., pressure-treated lumber) [10]. To determine the MC, a sample of wood 

is chipped and placed into a flask along with solvents (e.g., xylene or toluene) that prevent 

the volatile chemicals from evaporating when heated. The flask is heated and the water 

contained in the chips evaporates and ascends. The water vapour then condenses in a cooler 

and is collected in a pipe where a volumetric reading is taken. Similar to the gravimetric 

method, distillation is not practical for monitoring concepts as chipping of the wood 

material is needed.  

Nuclear magnetic resonance (NMR) is a highly sophisticated technique where a 

large magnetic field is applied to a small sample of wood. This is done to excite the 
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hydrogen atoms on water molecules in the material, and as a result, these water molecules 

are particularly responsive to the technique. When calibrated, measurement of the response 

signal determines the MC in the wood [13]. Portable NMR meters have been developed 

mainly for investigating other building materials such as mortar and bricks [14]. Wood 

samples need to be prepared for NMR measurements in a lab and therefore the method 

cannot be used for monitoring applications. In addition, costs of purchase and operation 

are too high for continuous monitoring.  

 Radiation attenuation techniques have been used to evaluate the moisture 

distribution through building materials. These techniques depend on emittance of neutrons 

or radiation, such as x-ray or gamma rays, and observation of how much is attenuated when 

pointed at a material [15]. The attenuation correlates to how much moisture is present in 

the material and is considered to be non-invasive. Implementing this method in an in-situ 

setting is challenging as there is a need for a suitable radiation source and it is a substantial 

safety risk. 

2.1.2 In-situ-Based Methods 

The sorption method uses the relationship between the EMC of wood and the RH 

at its surface (i.e., sorption isotherm). The RH at the wood’s surface is typically measured 

using a hygrometer and the recorded data is correlated to MC using known sorption 

hysteresis trends (e.g., Figure 1-2) [13]. Alternatively, RH that is internal to the wood can 

be measured using humidity probes. This technique is non-destructive and is therefore of 

particular interest for that reason. It is generally acceptable for monitoring applications; 

however, calibration over long-time periods is required due to condensation effects that 

result in erratic measurements [16]. 
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Another in-situ method from Figure 2-1 is thermographic imaging, where an 

infrared camera is used to investigate defects in building materials. This technology is not 

suitable for quantifying MC as the method depends largely on qualitative variations in 

surface temperature. As water has a high thermal capacity, a change in MC can modify the 

thermal storage of a material such as drywall that is typically in front of the wood member 

[16]. It is a useful, non-destructive tool that helps in detecting the locations of possible 

moisture-related problems but it is not accurate enough to give reliable MC measurements. 

The technology is beneficial for use in building surveys and serves as a useful “spot-

check”, but it is not applicable for continuous in-situ monitoring concepts [15]. 

The capacitance method is a common method that is used in-situ to monitor MC in 

wood. This method uses the relationship between MC and the dielectric properties of wood. 

Measuring the capacitance yields the dielectric constant of a material which is indicative 

of how well the material can hold an electrical field [16]. Using the capacitance method for 

measuring MC in wood is feasible as the dielectric properties of wood change in proportion 

to its moisture levels. By placing flat transmitter and receiver electrodes on the surface of 

a wooden board, a frequency signal is applied and the capacitance of the wood is measured 

to determine the MC [10]. It is a non-destructive technique that can also be used in 

monitoring applications; however, only measurements of the average MC near the surface 

are possible. Therefore, moisture gradients cannot be evaluated using this method. 

Considering that it is an indirect method used for measuring MC, the resistance 

method is commonly applied in practice to measure MC in building envelopes because of 

its low cost and relatively high accuracy [12]. This technique is also suitable for long-term 

monitoring applications which helps in providing early warnings of potentially damaging 
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moisture-related failures of wood building components. The method entails measuring the 

electrical resistance in wood and correlating it to how much moisture is present within the 

material. The resistance method is well-suited for wood building components since water 

has a much higher electrical conductivity than wood and therefore electrical resistance 

measurements in wood will directly correlate to MC. Unlike the capacitance method, the 

resistance method can help in identifying the presence of moisture gradients by measuring 

the electrical resistance at different depths. A hand-held moisture meter that utilizes the 

resistance method is often used to check MC levels within wood building components after 

kiln drying and before assembling a home’s framing. However, once the frame is 

assembled, long-term monitoring is made possible through the use of in-situ MC sensors 

and data loggers. 

2.2 Moisture Content Measurement Standards 

Multiple standards are used today to provide guidance regarding testing 

procedures which are used by consulting companies, test engineers, and in academic 

research. Testing methodologies from these standards are implemented and results from 

multiple works become directly comparable. This section provides a summary of standards 

used in determining MC in wood by mass (i.e., gravimetrically) and by the resistance 

method. In this dissertation, the standards of interest are published by organizations such 

as American Society for Testing Materials (ASTM), International Organization for 

Standardization (ISO) and European Standards (EN). 

2.2.1 Gravimetric Method  

ASTM D4933 [17] discusses the procedure behind conditioning and equilibrating 

wood and wood-based materials to equilibrium moisture content (EMC) levels. EMC 
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values are different for each species; however, the standard only provides relative humidity 

and temperature (𝑅𝐻/ 𝑇) data for nominal EMC values based on “a species of solid wood”. 

For example, conditioning wood to a nominal EMC of 18% requires a 𝑅𝐻/ 𝑇 combination 

of 85%/20°C; however, this will not necessarily yield the same MC for all species. 

Conditioning of materials is possible through two techniques: the first involves the 

placement of samples within a climate-controlled conditioning chamber, and the second 

involves placing the samples within enclosures containing aqueous solutions with known 

RH levels. For endpoint determination, the standard explains that the mass must be 

periodically measured and recorded and that a minimum of three reversals of mass 

direction changes are recommended. As the wood materials approach EMC, reversals in 

mass direction occur where periodic mass measurements alternate between slight moisture 

losses and gains through slight changes in RH, and this would indicate steady-state 

conditions have been reached.  

ASTM C1498-04a [18] and ISO 12571 [19] both aim to characterize the 

hygroscopic sorption properties of porous building materials through the use of desiccators 

and weighing cups, or constant temperature and humidity chambers. Both standards 

provide guidance on obtaining adsorption and desorption curves for these building 

materials to map out a hygroscopic hysteresis for the material. The adsorption curve is 

mapped by conditioning oven-dried materials at a constant temperature with RH levels 

increasing in stages while recording the EMC at each stage. For the desorption curve, the 

same process is repeated; however, the RH levels at each stage must be decreasing. The 

main difference between both standards is that ASTM C1498-04a recommends testing a 
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minimum of 5 RH levels between 30% to 98%, while ISO 12571 recommends a minimum 

of 4 RH levels between 30% and 95%. 

ASTM D4442 [20] discusses the procedure behind directly measuring MC in wood 

and wood-based materials. The method entails using the gravimetric oven-dry method to 

determine MC of conveniently sized wood samples in a lab setting. This is done by 

conditioning a set of wood samples of known species-type in a controlled environmental 

climate chamber or near salt solutions with known RH levels to reach steady-state 

conditions. As soon as equilibrium is reached, the samples are weighed then placed into a 

forced-convection oven at 103°C ± 2°C to dry and remove the stored moisture. Two 

methods for drying the samples are outlined in the standard: 1) Method A – Primary Oven-

Drying Method, and 2) Method B – Secondary Oven-Drying Method. Method A entails 

placing samples in open weighing bottles in the oven following the conditioning process. 

When the drying endpoint is reached, the weighing bottles are closed and the samples are 

placed in a desiccator with fresh desiccant until they have reached room temperature. Using 

the weighing bottles in conjunction with desiccant prevents the measurements from being 

compromised if any delay occurs between sampling and weighing. Method B does not use 

weighing bottles and immediate weighing of the samples after drying is allowed – showing 

that less precaution is taken to prevent moisture uptake after drying. In either scenario, 

oven-dry mass measurements are taken and the MC of the samples as a percentage of the 

oven-dry mass is calculated using Equation (2-1). 

 𝑀𝐶 =
𝑚w − 𝑚d

𝑚d
× 100% (2-1) 
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where, 𝑚w is wet mass and 𝑚d is the oven-dry mass. AS/NZS 1080.1 [21] similarly 

describes the oven-dry method for determining MC in timber with minor differences such 

as using a different endpoint for determining when constant mass is reached for the drying 

process. 

2.2.2 Electrical Resistance Method  

It should be noted that the literature review process did not yield any published 

standards that were specific to determining the relationship between MC and electrical 

resistance while taking factors affecting wood’s electrical conductivity into account. To 

measure the MC of sawn timber using the resistance method, there are a limited number of 

existing standards today that explain how to use commercially available electrical 

resistance moisture meters. These standards are important for two reasons: 1) they instruct 

users on how to collect MC readings from wooden specimens in a field setting, and 2) they 

explain if and how moisture meter readings should be corrected to compensate for wood 

species and temperature.  

AS/NZS 1080.1 [21] and BS EN 13183-2 [22] are two standards used today to 

estimate the MC of sawn timber using electrical resistance moisture meters. The procedures 

specified consider that the wood being tested is not in equilibrium and that moisture 

gradients are present due to non-uniform climate conditions. Both standards are similar in 

that they recommend inserting insulated electrodes at a depth of 1/3 of the specimen’s 

thickness as that position approximates the average MC from the gradient (normally 

parabolic) [13]. The standards also specify what distance away from the end grain 

measurements should be taken at, what grain direction should be used, how to report the 

MC, time taken to read the moisture meter result, and how to correct readings for species 
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and temperature differences. Table 2-1 summarizes these differences between the two 

standards. 

Table 2-1: Differences between AS/NSZ 1080.1 and BS EN 13183-2 standards 

 AS/NZS 1080.1 [21] BS EN 13183-2 [22] 

Distance away from 

end grain 
400 mm 300 mm 

Grain direction 

measurement 
Not specified 

Along the grain 

(longitudinal) 

Report MC to the 

nearest 
0.5% 1.0% 

Time taken to read 

measurement 
Immediate 2s – 3s 

Species / temperature 

correction 

Factors provided if manufacturer 

factors are unavailable 

Recommends using 

manufacturer’s factors 

It is evident that the procedure identified in AS/NZS 1080.1 is shows more 

favorable testing conditions than BS EN 13183-2. This is mainly due to: 1) measuring the 

resistance at a larger distance away from the end grain, ensuring end-drying effects are 

avoided, 2) rounding to a smaller percentage value, 3) immediately reading the 

measurement as readings drift lower with time, and 4) providing species and temperature 

correction factors if the moisture meter manufacturer does not provide this data. Although 

these standards are useful for estimating MC in wood specimens undergoing transient 

conditions, the information presented was beneficial and reinforced key concepts for the 

dissertation’s experimental methodology and data collection processes.  

2.3 Conditioning Endpoints 

Recalling the definition of EMC: it is the MC where a material does not gain nor lose 

moisture to the surrounding environment. Determining the endpoint for moisture 

equilibrium in wood can be a challenge. One of the possible errors associated with 

gravimetric MC testing is interpreting slow mass changes as having approached the EMC 
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endpoint. As wood is a non-uniform, hygroscopic material, determining when the EMC 

has been achieved requires some form of judgment. The same equilibration time for all the 

test samples is not guaranteed as they have variable densities – even when measures such 

as obtaining the wood from the same tree are implemented. Additionally, there is no 

concrete model or equation that can be used to determine the EMC endpoint for different 

wood species. 

ASTM D4933 [17] states that some form of judgement is required for determining 

the endpoint, and as such, the standard recommends a few criteria which researchers may 

select from: 

1) Researchers may use time constants as indicators where equilibrium can be assumed to 

occur in 4- or 5-time constants. This technique is not commonly used as prior 

knowledge of both the initial MC and the target EMC is needed. Initial MC data is 

rarely available as oven-drying the samples typically occurs after the conditioning stage 

and not before. 

2) Researchers may use the reversal of direction of mass change for endpoint 

determination and ASTM D4933 recommends a minimum of three reversals. This 

method can be feasible depending on the species of wood being tested; however, for 

the scope of this project, the method is not practical as it can demand long conditioning 

periods (several months up to 1 year) for every RH condition. 

3) Researchers may select a specified percentage change in mass over a specified time 

period when equilibrium is reached – this is a commonly used criterion in literature. 

For example, “wood reached equilibrium when the daily mass variation was ≤ 0.05% 

during the conditioning period.” 
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The endpoint criteria implemented in literature associated with gravimetric MC testing 

were observed to be based on a percentage change over a specified time period. It should 

be noted that conditioning periods vary with different sample thicknesses. As there are no 

concrete relationships which support how much time is needed to achieve EMC at different 

RH levels, approximate timings based on experimental data were identified in ASTM 

D4933. It was reported in the standard that the typical conditioning time required for a 20-

mm thick sample, initially at equilibrium at 50% RH and 20°C and exposed to an 

environment at 90% RH at 20°C, is 60 days. In addition, it can be assumed that 

conditioning time is proportional to the square of ratio of thickness. Table 2-2 summarizes 

literature which reported what endpoint criteria authors used, how thick their test samples 

were and how long the samples were conditioning for. 

Table 2-2: EMC endpoint criteria from literature 

 Endpoint criterion Wood sample 

thickness 

Conditioning 

period 

Fernandez et 

al. [23] 

Mass variation over 1 week ≤ 0.1% 20 mm ~16 weeks 

Brischke et 

al. [24] 

Endpoint not specified 25 mm ~9 weeks 

Boardman et 

al. [25] 

Mass variation over 24 hours ≤ 

0.05% 

19 mm ~8 weeks 

Dai [26] Mass variation over 6 hours ≤ 0.01%  

(two successive mass measurements) 

20 mm Not specified 

ASTM 

c1498-04a 

[18] 

Mass variation over 24 hours ≤ 0.1% 

(five successive mass measurements) 

N/A N/A 

ISO 12571 

[19] 

Mass variation over 24 hours ≤ 0.1% 

(three successive weighings) 

N/A N/A 
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2.4 Factors Impacting Electrical Conductivity in Wood 

This section provides a general overview of commonly studied factors that affect 

electrical conductivity and MC readings in wood. Following this overview, the literature 

focuses on publications that studied the effect of sensor orientation and the effect of 

electrode geometry on the electrical conductivity of wood. The effect other factors have on 

MC measurements is generally known through literature therefore they were not examined 

in this literature review. For example, several studies have found that the electrical 

resistance of wood decreases when its temperature increases [27–31]. 

2.4.1 Overview 

There are several notable factors that affect the resistance in wood. When 

applicable, these factors must be taken into consideration when collecting MC 

measurements using the resistance method. According to Vermaas [32], factors that affect 

electrical conductivity in wood can be divided into two categories: 1) ones that are 

dependent on the internal properties of wood (i.e., material), and 2) ones that are dependent 

on the experimental variables (i.e., measurement). As seen in literature, the most relevant 

and commonly examined factors from the material properties are species type, temperature, 

grain direction and chemical constituents. From the measurement variables, the most 

common factors examined are electrode geometry and measurement depth.  

Having knowledge of the type of wood species being tested is crucial as each 

species has different amounts of extractives and mineral content [13]. These constituents 

allow species to have different electrical properties and in turn will influence MC 

measurements. For this reason, correction factors for different species exist for empirical 
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equations that measure MC as a function of resistance [33]. Therefore, only one species of 

wood is examined in this dissertation to narrow the scope of testing.  

Engineered wood-based products such as oriented strand board (OSB) and plywood 

must be considered as different species. The addition of chemical constituents (i.e., 

adhesives) greatly affects the electrical conductivity and must be accounted for. The 

addition of adhesive to regular solid wood to form OSB can result in overestimating the 

MC by 3-4% [33]. Therefore, it is normally recommended that these products have their 

own correction factors.  

The effect of grain direction on electrical conductivity is typically only applicable 

for solid wood. It is generally known that wood is more conductive across the grain of 

wood rather than along the grain [9,12]. However, there is a dispute in literature on whether 

grain direction has a significant effect on MC measurements. For this reason, determining 

whether this was the case or not was selected as a motivation for undertaking this study. 

 As a property that is applicable to all wood and wood-based materials, temperature 

is the most important factor that affects electrical conductivity. For MC levels >10%, the 

resistance of wood is approximately halved for each increase in temperature of 10°C [27]. 

Therefore, not accounting for temperature effects can vastly offset MC measurements. 

Further examination of temperature’s effect on wood is done in this study.  

Taking experimental variables into consideration when implementing the resistance 

method is important. Different electrode geometries will result in different resistance 

measurements due to the varying contact pressures applied on the wood. For example, 

assuming they have the same diameter, a screw-type electrode has a larger surface contact 

area than a nail-type electrode, meaning that nail-type electrodes are less conductive and 



 25 

will output larger resistance values. Further examination of this factor was another 

motivation behind undertaking the study. 

For transient applications where moisture gradients in wood building components 

exist, identifying the depth where electrodes will be inserted is crucial. This is the case as 

measuring at different depths will yield different moisture levels. This further translates to 

each depth corresponding to a different electrical resistance. It should be noted that since 

electricity travels along the path of least resistance, insulated electrodes should be used in 

transient applications. The tip of the electrodes is typically exposed so it is able to collect 

MC measurements at the specified depth.  

2.4.2 Sensor Orientation 

Through a review of current literature involving sensor orientation in wood 

samples, two major gaps were observed: 1) There is a lack of attention in literature with 

regards to examining how conductivity behaves in different directions in different species 

of wood. 2) From the studies that did look into this subject, some have shown that electrical 

conductivity is an isotropic physical property, while others have showed that it varies with 

direction of current flow, showing that there is a need for more testing. In addition, most 

of these studies did not indicate whether the difference in electrical conductivity in both 

directions had a significant impact on MC measurements. This section identifies and 

reviews the studies under both categories (isotropic and anisotropic). 

2.4.2.1 Isotropic Electrical Conductivity 

Forsén & Tarvainen [29] used various commercially available electrical resistance 

moisture meters to test their performance under laboratory and industrial conditions. The 

moisture meters used insulated steel needle electrodes which were inserted at a third of the 
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thickness of the wood. They measured the electrical resistance of various wood species 

(pine, spruce, birch, oak, beech, alder and larch) obtained from different European 

countries in the longitudinal and tangential directions over MCs ranging from 9% to 19%. 

The calculated MC-Resistance regression curves were “identical” in both directions that 

are parallel and perpendicular to the grain. It was concluded that there was no difference 

between the measuring directions. According to Forsén & Tarvainen [29], their findings 

also agreed with Apneseth & Hay [34].  

Samuelsson [35] used a proprietary ohmmeter (moisture meter) to measure the 

electrical resistance of pine and fir samples obtained from various locations in Norway, 

and developed a MC-Resistance regression curve. The author formulated multiple samples 

from large wood boards and tested the resistance in the longitudinal, tangential and radial 

directions over MCs ranging from 7% to 25%. For both materials, the author found no 

difference in electrical resistances, and concluded that there was no relationship between 

how moisture sensor orientation and its readings. 

Fernandez-Folfin et al. [23] used Samuelsson’s regression model [35] to describe 

the relationship between electrical resistance and MC of 10 hardwoods available in the 

Spanish market. The species tested were oak, beech, cherry and ash, and similar to Forsén 

& Tarvainen [29], stainless steel pin-type electrodes were used for these samples. The 

authors measured the electrical resistance of the samples across both longitudinal 

(according to BS EN 13183-2 [22]) and tangential directions and reported that the bulk of 

their errors was within ±0.5% MC. They concluded that these species are isotropic with 

regards to electrical conductivity and that sensor orientation has an insignificant impact on 

MC readings. 
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2.4.2.2 Anisotropic Electrical Conductivity 

James [36] reported that grain direction is negligible at moisture levels below 15% 

MC, but at moisture levels above 20%, resistance ratios with respect to the longitudinal 

direction can be 1.8 times for radial and 2.0 times for tangential directions. The study 

reported that moisture readings may be as much as 2 percentage points lower if readings 

were taken in the tangential direction. The US Forest Product Lab Wood Handbook [9] 

also reported the same values. These values were generalized for a large range of softwood 

and hardwood species. As various resistance/conductance correlations for moisture meters 

are calibrated for current flowing along the longitudinal direction of the grain, James 

recommended installing the sensor electrodes in the same direction.  

Dai and Ahmet [37] worked on developing a long-term moisture monitoring system  

to provide early warnings of building component failure or damage. They measured the 

MC at moisture levels of 6% to 22% MC by using cylindrical wood buffers to measure the 

resistance in both directions in several wood species (mahogany, hemlock, Sitka spruce, 

meranti, opepe). The study reported that the ratio of tangential-to-longitudinal resistance 

increases with moisture levels from 1.2 at 6% MC to 2.0 at 22% MC. They did not address 

whether these ratios would have a significant effect on the MC readings; however, they 

reported that there is a much less conductivity difference due to grain directions of wood 

compared to other studies. 

Stamm [13,38] focused on relating structural orientation to electrical conductivity 

of wood. The study has reported that the ratio of tangential-to-longitudinal resistance can 

range from 2.1 to 3.9 and ratio of radial-to-longitudinal resistance can range from 1.9 to 

3.2. Stamm examined the effect of sensor orientation using eight different North American 
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wood species; however, these species are unknown to the author due to limited access. That 

said, the author did not indicate if these ratios have a significant impact on MC 

measurements. 

Kuroda and Tsutsumi [13,39] also reported that the MC in wood affects the degree 

of anisotropy. This study examined the effect of grain direction on Cryptomeria japonica 

(aka Sugi wood) – a commonly used species of wood in Japan, and reported that the ratio 

of tangential-to-longitudinal resistance varies with MC. As MC increases from an oven-

dry state to ~8% MC, the ratio decreases to ~2.0 and it starts increasing again after ~8% 

MC up to a moisture level of ~20%.  To the best of knowledge, this was the only study in 

literature which reported that grain direction has a reversal point where the tangential-to-

longitudinal resistance ratio decreases then increases as MC increases from oven-dry 

conditions. That said, the author did not indicate if these ratios have an impact of MC 

measurements. 

2.4.3 Electrode Geometry 

Vermaas [32] first noted that most on-site workers found a strong decrease in contact 

resistance with increasing contact pressure up to a certain value, which was further 

supported by Skaar [13]. This can be attributed to electrode geometry, which looks at 

factors such as electrode diameter, tip sharpness, and threads per unit length (for screw-

type electrodes). This information is generally well-known in the field; however, very few 

research studies today ensure that results are directly comparable, as every researcher uses 

their own arbitrary set of conditions with regards to electrode selection. Vermaas 

emphasized the need for a standardized procedure for the measurement of resistance in 

wood. 
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Forsén and Tarvainen [29] investigated the effect of 5 different insulated electrode 

types, using 5 commercial moisture meters, on Scots pine. The authors reported that that 

the tip of each electrode seemed to have the largest effect on resistance values. They also 

reported that the electrode type which had a long and sharp tip stood out the most and 

differed from other electrodes. A difference of 3% MC was observed at the highest tested 

MC (16% - 18%) and the difference decreased at lower moisture contents.  

To the best of knowledge, there are no other studies in literature that examine the 

effect electrode type/geometry has on electrical conductivity in wood. As a result, this gap 

in literature was a motivator for undertaking this study to help in determining the impact 

of electrode type/geometry on MC measurements in eastern white pine. 

2.5 Moisture Content Empirical Correlations 

Taking some of the factors affecting wood’s electrical conductivity into 

consideration, it is important to quantify how the resistance measurements correlate to MC. 

The purpose of this section is to investigate some of the empirical MC correlations that 

exist today and select the most favourable one to use in a statistical comparative analysis. 

These correlations yield MC when variables such as resistance, temperature, regression 

coefficients, and/or species correction factors are inputted. It should be noted that MC is 

an independent variable even though it is expressed as the dependent variable in some of 

the equations. The correlations, which are developed through mathematical derivations and 

method of least squares (i.e., regression analysis), are divided into two categories: 1) 

bivariate correlations where resistance is as a function of MC for one species at one 

constant temperature; and 2) multivariate correlations where resistance is a function of MC 

and temperature for one or multiple species. Empirical correlations commonly seen in 
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literature from both categories are presented in this subsection. To avoid repetition with 

regards to variables, it should be noted that Equations (2-2) to (2-9) contain the following 

variables: 𝑀𝐶 (moisture content in %), 𝑅 (resistance in Ω or MΩ), 𝑇 (temperature in °C), 

𝑎0-𝑎12 (bivariate regression coefficients) and 𝑏0- 𝑏15 (multivariate regression coefficients). 

2.5.1 Bivariate Correlations 

Samuelsson [35] developed a calibration equation for Swedish Douglas fir and pine 

samples by fitting his recorded resistance and gravimetric measurements to a logarithmic 

base regression function. Equation (2-2) was employed in Samuelsson’s study at a constant 

temperature of 20°C.  

 log10[log10(𝑅) + 1] = 𝑎0 ∙ 𝑀𝐶 + 𝑎1 (2-2) 

Fernandez et al. [23] used Equation (2-2) to fit resistance data of 10 hardwoods 

commonly available in the Spanish market at a constant temperature of 20°C in different 

grain directions. The regression equation yielded R2 values ranging from 0.979 to 0.998 

and deemed that the correlation has a good fit with their data, however it is only valid at a 

temperature of 20°C.  

 Forsén and Tarvainen [29] also implemented Equation (2-2) to test the fit for 

various European woods at a constant temperature of 20°C. They yielded R2 values ranging 

from 0.891 to 0.987, showing that Samuelsson’s model is compatible with commonly used 

European woods.  

Dai and Ahmet [37], measured the resistances across several wood species 

including mahogany, hemlock, Sitka spruce, meranti, opepe at a constant temperature of 

20°C. They used a slightly different, yet still logarithmic, form of Equation (2-2) to fit their 
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data to. Equation (2-3) was implemented in their regression analysis and R2 values for each 

species ranging from 0.88 to 0.99 were yielded.  

 log10(𝑅) = 𝑎2 + 𝑎3 ∙ log10(𝑀𝐶) (2-3) 

 Boardman et al. [25] investigated the electrical conductivity characteristics of 

southern yellow pine (SYP) lumber and plywood, and compared various chemical 

treatment options for these materials at a room temperature of 21°C. They implemented 

Equation (2-4) as their regression function and yielded a prediction error of ±1.5% MC for 

untreated SYP lumber.  

 𝑀𝐶 = 30 − 𝑎4 × log10[log10(𝑅) − 𝑎5]  (2-4) 

 Samuelsson [40] proposed using an additional regression function for testing 

involving Scotch pine and Norway spruce, which are commonly available wood species in 

the European market. It should be noted that he used a natural logarithm-based function 

instead of a logarithmic function. He implemented Equation (2-5) to fit the resistance data 

collected at a constant temperature of 20°C. 

 ln(𝑅) = 𝑎6 + 𝑎7 ∙ e𝑎8∙𝑀𝐶  (2-5) 

 Du et al. [41] also used a natural logarithm-based function to fit resistance data 

collected from common European wood species including beech, oak, spruce, pine, sipo 

and teak. When Equation (2-6) was implemented, the yielded R2 values ranged from 0.93 

to 0.99 for these species when a temperature of 20°C was tested.  

 ln(𝑅) = 𝑎9 + 𝑎10 ∙ 𝑀𝐶 + 𝑎11 ∙ e𝑎12∙𝑀𝐶 (2-6) 

Fredriksson et al. [42] used Equations (2-5) and (2-6) to fit resistance measurements 

collected from Norway spruce samples using small resistive MC sensors fastened by 

electrically conductive adhesive. This was part of an effort to determine MC at locations 
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near end grain surfaces and joints where MC is normally higher than the average MC across 

wood members. Using both regression functions, Fredriksson et al. yielded R2 values > 

0.98 for resistances collected at a constant temperature of 20°C using saturated salt 

solutions. 

2.5.2 Multivariate Correlations 

Pfaff and Garrahan [28] developed a correlation for MC as a function of electrical 

resistance and temperature for several softwoods and hardwoods used in North America. 

Equation (2-7) is a commonly known MC correlation which has been implemented in 

several commercially sold moisture meters. It is a useful equation as it is accompanied with 

a published table containing different species correction factors. Developing this 

correlation was part of an effort to properly quantify the effect of temperature on electrical 

resistance due to existing correction factor tables over-estimating the true MC by up to 6% 

MC at low temperatures. Equation (2-7) has a 2-step nature where an uncorrected MC 

reading (𝑀𝐶u) is calculated as a function of electrical resistance for Douglas fir (2-7a), 

followed by an equation which corrects for temperature and species (2-7b) to solve for the 

corrected MC (𝑀𝐶C).  

 log10(𝑀𝐶u) = 2.99 − 2.113(log10(log10(𝑅))) (2-7a) 

 𝑀𝐶C = [
𝑀𝐶u + 0.567 − 0.0260𝑇 + 0.000051𝑇2

0.881(1.0056)𝑇
− 𝑏0] ÷ 𝑏1 (2-7b) 

 Brischke and Lampen [43] developed a MC correlation for several native and 

chemically-preserved species of timber commonly found in Europe. The purpose of this 

study was to examine the effects of preservatives in timber on the electrical conductivity 

property within the hygroscopic range. When Brischke and Lampen developed and used 



 33 

Equation (2-8), they yielded uncertainties of ±2.5% MC for salt-treated timber, ±3.5% MC 

for native timber and ±7% MC for modified timber. 

 𝑀𝐶 = 𝑏2 ∙ 𝑇 + 𝑏3 ∙ e(𝑏4∙𝑇+𝑏5)∙𝑅 + (𝑏6 ∙ 𝑇 + 𝑏7) + (𝑏8 ∙ 𝑅2) + (𝑏9 ∙ 𝑇) + 𝑏10 (2-8) 

Boardman et al. [44] investigated the electrical conductivity property of OSB, an 

engineered wood that is commonly used in North America. The purpose of the study was 

to create a correlation for OSB that incorporated a wide range of temperatures. Authors 

such as Carll et al. [45] and Maref et al. [46] published studies which implemented 

correlations for OSB but only at a constant temperature. Using Equation (2-9) as the 

regression function, Boardman et al. yielded an RMSE of 0.72% MC when OSB samples 

from three different geographical regions were tested, showing it to be a good fit.  

𝑀𝐶 = 𝑏11 + 𝑏12𝑇f
𝑏15 + 𝑏14𝑇f

𝑏15 log[log 𝑅 − 𝑏13] (2-9) 

2.6 Research Gaps 

The electrical conductivity anisotropy property in wood still appears to have a 

degree of uncertainty as several studies have proved that grain orientation is important for 

quantifying MC, while other studies have proved otherwise. Thus, it is crucial to improve 

the understanding of this property in wood. This is done so in the dissertation by examining 

the effects of resistances in two directions in eastern white pine and determining the 

statistical significance of whether sensor orientation should be considered when measuring 

MC. 

Very limited work has been published regarding the effect of electrode geometry 

on electrical conductivity throughout literature. It is generally understood that resistance 

decreases as contact pressures increases; however, this has not been examined or quantified 

in many studies. This is done in the dissertation by examining the effect of using different-
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sized screws and nails as electrodes on resistance values. The statistical significance is 

examined to determine whether electrode geometry should be considered when measuring 

MC. 

Several works exist today which look into using bivariate regression functions to 

correlate MC data to electrical resistance; however, using these equations limits the testing 

to one constant temperature (typically T=20°C). Taking different temperatures into account 

is important as a change in temperature drastically affects uncorrected MC readings – this 

is especially needed for cold country climates such as Canada.  Segueing into the 

multivariate MC correlations, each equation presented in the literature had its own 

limitation. The limitation with Equation (2-7) is that it has a complicated form for an 

equation, and it has a 2-step nature for calculating MC. Equation (2-8) mitigates this 

problem; however, the correlation yields an uncertainty of ±3.5% MC when looking at 

untreated lumber, which is higher than what is acceptable for experimental evaluations. 

And finally, Equation (2-9) shows a promising RMSE; however, the correlation has been 

proved to be suitable with OSB only. Taking these factors into consideration, it was 

determined that Equation (2-7) is the most favored to use as a regression model in this 

dissertation. This was the case as data from multiple temperatures can be incorporated 

under a single set of regression coefficients, and that it is, to the best of knowledge, the 

only work that has regression coefficients published for eastern white pine. 

It is worth mentioning that no recently conducted works related to grain direction 

or electrode geometry were found within the last 4 years. In this regard, the primary aim of 

this research is to examine the effect of sensor orientation and electrode geometry on MC 

measurements in eastern white pine. Following this, the secondary aim is to perform 
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regression analyses on experimentally collected data using Equation (2-7). Depending on 

the results from the primary aim, sets of regression coefficients will be obtained and 

compared to coefficients from literature (Pfaff and Garrahan).  
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Chapter  3: Methodology 

To address the research gaps identified in the literature review, a small-scale 

experimental setup was designed and built at CU-CABER using the previously discussed 

MC measurement standards. By applying certain modifications to the guidance material, 

the experiment was conducted to examine the effects of sensor orientation and electrode 

type on MC measurements in wood using several statistical analysis tools. With a focus on 

the development of low-cost MC sensors, disposable hardware-store-grade fasteners were 

used rather than costly pin-type electrodes that were seen in literature. Multiple eastern 

white pine samples were first prepared by installing different sets of fasteners at different 

grain orientations. These samples were then exposed to different combinations of RH and 

temperature levels in a temperature-and-humidity controlled climate chamber. For 

simplicity, it shall be referred to as “climate chamber” from this point on. Upon reaching 

steady-state, electrical resistance measurements were taken using a DMM at each climate 

condition. These measurements were recorded in correspondence to equilibrium wet 

masses that were measured via a weighing scale. The samples were then oven-dried using 

a mechanical (or forced-convection) oven to calculate oven-dry MC levels.  

This chapter first describes the functionality and specifications of the experimental 

apparatuses used. Second, the experimental design parameters chosen for the climate 

chamber and for testing the wood samples are outlined. Finally, the experimental procedure 

which describes the sample preparation, conditioning and drying processes is explained. A 

high-level overview of the methodology was summarized into a flowchart and is seen in 

Figure 3-1. The first three sections identified in Figure 3-1 are discussed in more detail in 

this chapter while the final section (statistical analysis) is discussed in Chapter 4. 
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Figure 3-1: High-level overview of methodology 
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3.1 Apparatus 

This section provides an overview of the apparatus used in the experiment. This 

includes providing descriptive information about the weighing balance, the climate 

chamber, the forced-convection oven, and the data acquisition instrumentation. The 

purpose of this section is to provide insight on the apparatus which is later referenced in 

the experimental procedure section. 

3.1.1 Weighing Balance 

The purpose of the weighing balance is to accurately quantify the masses of test 

samples. The weighing balance model used in this experiment is an OHAUS EX1103 

balance with a resolution of 1mg (i.e., precision level of 0.01%) and a maximum capacity 

of 1100 mg [47]. The fine display resolution allows for observing subtle changes in masses 

due to moisture gain or losses. Additionally, this particular model comes with a draft shield 

assembly which prevents mass fluctuations due to air and moisture movement. A picture 

of the OHAUS EX1103 weighing balance is seen in Figure 3-2. 

 

Figure 3-2: OHAUS EX1103 weighing balance [48] 
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3.1.2 Temperature-And-Humidity Controlled Climate Chamber 

The purpose of the climate chamber is to establish a constant RH and temperature 

climate based on user-inputted setpoints and create a hygrothermal gradient with respect 

to test samples. This creates vapour pressure and temperature differences within the 

chamber and allows for mass/heat transfer in or out of the test samples until equilibrium is 

achieved. Long-term testing for conditioning building materials under constant 

temperature and RH setpoints is one of the many applications the climate chamber has. 

Essentially, the overarching goal of the chamber was to observe how material properties 

changed with respect to conditions within the chamber. For transient applications, the 

chamber is also used to program test cycles and vary climatic conditions periodically.   

The climate chamber model used is a BINDER KMF 720 (E6) unit with enlarged 

temperature and humidity range, program control, and a 720L volumetric capacity. The 

chamber has a temperature range of -10℃ to 100℃ and a RH range of 10% to 98%. These 

ranges are made possible using the assistance of an electric-powered fan which maintains 

the moisture and heat distribution within the chamber to the desired accuracy. It is also 

equipped with a multifunctional microprocessor display controller accurate to one-tenth of 

a degree in response to a 0.1% change in RH [49].  

The inner chamber is made of 304 stainless steel while the inner doors are made of 

glass with a rubber gasket lining around the edges to prevent undesired heat and mass 

transfer into and out of the chambers from the ambient environment. The chamber comes 

with an Ethernet serial interface that is used to monitor and record temperature and RH 

conditions within the chamber using a data logger software known as “APT-COM 4”. In 
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addition, the chamber has a 30mm access port to run data acquisition wiring to an external 

data logger. Exterior and interior pictures of the chamber are seen in Figure 3-3. 

 

Figure 3-3: KMF 720 climate chamber exterior (left) [50] and interior (right) 

3.1.3 Forced-convection oven 

The purpose of the forced-convection oven is to heat-treat and/or dry test materials. 

They are preferred over gravity convection ovens as forced-convection provides 

homogeneous air flow within the oven. This allows for uniform drying of all surfaces of a 

test sample. The oven also has an access port to allow introduction of sensors for 

independent data monitoring.  

The oven model used is a Thermoscientific Heratherm™ OMH60 unit that comes 

with a temperature range from 50°C to 330°C and precise temperature control in 1°C 

increments. The oven has a volumetric capacity of 60L and has a variable-speed fan which 

uniformly distributes heat through the interior space. It has low spatial and temporal 

deviations of ±1.5°C and ±0.2°C, respectively, at a temperature of 150°C [51]. The inside 

of the oven is made of corrosion-resistant steel and the opening of the oven comes with a 
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sealing gasket to ensure no heat is lost during operation. Exterior and interior pictures of 

the oven is seen in Figure 3-4.  

 

Figure 3-4: OMH60 oven exterior (left) [52] and interior (right) 

3.1.4 Data Acquisition  

For this experiment, the primary purpose of the data acquisition (DAQ) 

instrumentation was to collect electrical resistance measurements in small wood samples. 

First, an 18-slot PXIe-1084 chassis was purchased from National Instruments (NI) to hold 

an embedded controller and PXIe cards. The embedded controller is a modular PC whose 

primary function for this experiment was to integrate input/output (I/O) features in a single 

unit and to communicate with the host (external computer). The controller used was a 

PXIe-8840 2.6 GHz Quad-Core Processor PXI controller that transferred data to the host 

over Ethernet [53]. Connecting the controller and external computer together allowed data 

logging to take place via LabVIEW.  

Three primary PXIe cards were integrated within the DAQ’s chassis – these were 

the PXIe-4081, PXIe-2525 and the PXIe-4353. First, the PXIe-4081 7 ½-Digit digital 

multimeter (DMM) module was integrated within the chassis to collect resistance 
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measurements. Within 24 hours of performing a self-calibration, the uncertainty of the 

DMM is ±1% of the measured resistance readings [54], thereby showing its reliability and 

accuracy. One of the challenges faced with measuring low MC in wood is quantifying the 

associated electrical resistance, which tends to fall in the high ohmic range. For this reason, 

a DMM with a high resistance reading specification was selected to measure the wood’s 

resistance. The DMM can read up to a resistance of 5 GΩ (accommodating for relatively 

dry wood) and has an excellent resolution in comparison to the average handheld 

multimeter due to its 7 ½ -Digit resolution.  

Second, the PXIe-2525 multiplexer switch (MUX) module was integrated within 

the chassis to route automated signals and help take consecutive resistance measurements 

across multiple wood samples. The MUX eliminates the need for having multiple DMM 

modules to measure resistance for multiple samples. It has a total of 64 channels and, for 

this application, it allows the DMM to switch between channels and measure the resistance 

at each channel consecutively. For it to function, the MUX is first connected to four NI 

TBX-50 terminal blocks via a 160-pin DIN cable which splits into four 50-pin DIN 

connectors. For this reason, each terminal block has a capacity of 16 channels for resistance 

measurements, allowing for a total of 64 channels to be used by combining all 4 terminal 

blocks. Following this, the DMM is connected via a probe cable set which consists of 

HI/LO (positive/negative) cables to a dedicated channel found on one of the terminal 

blocks. Finally, a spool of 9-conductor shielded data cable that was 1000ft in length was 

purchased. The jacket material of the cable was polyvinyl chloride and the conductors were 

made of 100% copper. 12 shielded data cables that consisted of 24-gauge stranded wire 

were cut from the spool. These cables were designated for measuring the resistance of the 
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wood samples and were terminated at specified channels in the terminal blocks. Each cable 

was able to collect 5 resistance measurements as the data cable contained 10 wires that 

included an uninsulated ground wire. As the MUX module had a capacity of 64 channels, 

a maximum of only 12 cables was feasible to take resistance measurements of the wood 

samples across 60 channels from the terminal blocks.  

Finally, the PXIe-4353 temperature input (TI) module was integrated within the 

chassis to monitor the mid-thickness temperature of two dummy wood samples. The 

purpose behind using this module was to ensure that temperature setpoints were reached in 

wood prior to taking resistance measurements. For it to function, the PXIe-4353 module is 

connected to a TC-4353 terminal block via a SH96-96-1 cable. Following this, the dummy 

wood samples were connected to the TC-4353 terminal block via T-type thermocouples 

which were terminated using thermocouple mini-connectors. When using T-type 

thermocouples, the module has an uncertainty of ±0.48°C and ±0.32°C for temperature 

ranges of -100°C to 0°C and 0°C to 300°C, respectively [55]. A high-level wiring 

schematic of the DAQ instrumentation is seen in Figure 3-5. 

 

Figure 3-5: DAQ instrumentation wiring schematic 
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Pictures of the chassis with labelled PXIe cards, NI TBX-50 terminal blocks used 

and the TC-4353 terminal block are seen in Figure 3-6, Figure 3-7, and Figure 3-8, 

respectively. 

 

Figure 3-6: DAQ chassis; A = controller, B = DMM module, C = MUX module, D = TI module 

 

Figure 3-7: NI TBX-50 terminal blocks 

 

Figure 3-8: TC-4353 terminal block 
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3.2 Experimental Design 

The experimental design section outlines the grain orientations that were tested in 

eastern white pine and the type of fasteners that were implemented in the experiment. In 

addition, the RH and temperature setpoints selected in the experiment and the motivation 

as to why these setpoints were chosen for the climate chamber are identified. 

It should be noted that testing of this nature did not verify whether the experiment 

was repeatable or not. This was the case as trends which were observed during the testing 

period were consistent with what was seen in literature, meaning that the produced data did 

not occur by chance and that the tests were repeatable. Another factor was that samples of 

eastern white pine were purchased from multiple suppliers to ensure that randomness was 

introduced during sample selection and no bias was present. Finally, it should also be noted 

that testing of this nature has a time constraint due to the long conditioning periods samples 

must undergo, therefore performing repeatability testing would have proved to be 

challenging. 

3.2.1 Grain Direction and Fastener Type 

As the aim of the study is to statistically determine if sensor orientation and fastener 

type impacted MC measurements, it was important to perform the experiment with a large 

sample size. Doing this would ensure that a large number of MC and resistance 

measurements would be collected when different RH levels and temperatures are tested. It 

was determined that N=126 would be a sufficient sample size based on the breakdown 

found in Figure 3-9. The total sample size was divided into smaller subsets based on the 

two factors of interest: 1) the orientation in which the fasteners would be installed with 

respect to the wood grain, and 2) the type of fastener used. Dimensions of 63.5 mm 
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(longitudinal) x 63.5 mm (tangential) x 19 mm (radial) for the wood samples were selected 

for 2 reasons: 1) they were in agreement with ASTM Standard D4442-20 where any 

conveniently sized wood or wood-based material can be used to determine MC 

gravimetrically [20], and 2) if the samples were thicker than 19mm, reaching the point 

where moisture gradients are eliminated would have been challenging due to time 

constraints. It should be noted that the directions corresponding to each dimension above 

are associated with wood grain directions in trees.  ASTM D4933-16 states that required 

conditioning time for wood or wood-based materials is proportional to the square of ratio 

of thickness [17]. Therefore, thicker samples are more difficult to condition and generally 

require more time to eliminate moisture gradients. 

Figure 3-9 provides a breakdown of the wood samples used in the experiment by 

highlighting the number of samples that are divided based on grain orientation which are 

further divided based on fastener type.  

 

Figure 3-9: Grain orientation and fastener type breakdown 
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With regards to fastener type, it should be noted that the initial motivation behind 

this study was to examine the impact of both fastener geometry and material on MC 

measurements. Thus, these two factors were considered upon purchasing the fasteners from 

the hardware store. However, after performing a more extensive literature review, it was 

determined that fastener material does not have an impact on MC measurements. This is 

true as a material’s electrical resistivity does not significantly impact overall electrical 

resistance when trivial distances such as the length of a screw are considered. Therefore, 

with regards to fastener type, only the geometry was considered upon assessment of the 

data. The six fasteners that were used for this experiment along with their dimensions are 

seen in  Table 3-1. 

Table 3-1: Fastener types selected and their dimensions 

Fastener type Diameter (mm) Length (mm) 

#10 x 5/8" stainless steel wood screws 4.8 15.9 

#8 x 5/8" zinc-plated steel wood screws 4.2 15.9 

#4 x 5/8" zinc-plated steel wood screws 2.8 15.9 

0.083" x 1.5" stainless steel finishing nails 2.1 38.1 

0.138" x 1.5” aluminum galvanized roofing nails 3.5 25.4 

#6 x 1/2" brass wood/metal screws 3.3 12.7 

For simplicity, the fasteners shall be referred to as stainless steel screws, #8 zinc 

screws, #4 zinc screws, stainless steel nails, roofing nails and brass screws from this point 

onward. 

With regards to grain orientation, the total sample size was divided into three sets 

for testing, where the first set had two fasteners installed in the longitudinal direction 

relative to the wood grain, the second set had two fasteners installed in the tangential 

direction relative to the wood grain and the third set had four fasteners installed (two in 

each direction) in a diamond orientation. This design strategy was implemented to first 
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determine if a relationship exists between resistances in both directions without needing to 

take measurements from the same wood board, thereby removing a sampling bias. This 

would be done using the first two subsets while the last subset would be used to determine 

what the resistance ratios are in the same wood samples. 

3.2.2 Relative Humidity and Temperature Setpoints 

To determine how grain direction and fastener type impact resistance 

measurements, measurements needed to be collected across a large hygroscopic range 

while accounting for different temperatures. Once MC-Resistance curves at each 

temperature have been laid out, observations regarding the impact of grain direction and 

fastener type can be made. 

Initially, it was determined that resistance measurements would be collected at four 

different RH setpoints at a constant temperature. The samples would be placed 

consecutively in a series of different test environments where temperature is held constant 

at 20°C and RH is increased upon reaching equilibrium in each environment. The RH levels 

selected were 73.3%, 85%, 92.5%, and 97% which correspond to target EMC levels of 

14%, 18%, 22% and 26%, respectively [17]. However, the final RH setpoint of 97% was 

excluded from the experiment and only three RH setpoints were tested due to limitations 

which are discussed in Chapter 5. It should be noted that these are only nominal MC levels 

for solid wood and were not guaranteed for eastern white pine. This is because these values 

represent a compromise between variation with species, and adsorption and desorption. 

Therefore, samples conditioning at a certain RH level will yield different MC levels for 

different species. Nonetheless, using these values provides a good estimate of the MC that 

is yielded. The RH setpoints were selected while taking several factors into consideration:  
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1) Having more than four RH setpoints would have been a time constraint due to the 

long conditioning time periods required for wood to equilibrate.  

2) The target MC levels selected cover the portion of the hygroscopic range in wood 

where there is major concern for mould growth. Accounting for this concern makes it 

possible to implement the collected data into MC sensors and form MC-Resistance 

correlations.  

3) The conditioning of the wood samples would follow an adsorption isotherm where 

the RH levels are consecutively increased upon reaching each EMC. It was easier to follow 

an adsorption path rather than a desorption one as the samples were relatively dry to begin 

with. Testing both adsorption and desorption isotherms would have been preferable, but 

the time constraint associated with it would have proved to be challenging. 

In addition to collecting resistance measurements at increasing RH levels, it was 

important to take the effect of temperature on these measurements into account. It was 

determined that at each RH level, measurements would be recorded at six different 

temperatures ranging from -10°C to 40°C in 10°C increments. The minimum tested 

temperature of -10°C was selected as wood is less susceptible to mould growth at lower 

temperatures and it was the lowest possible temperature that was attainable by the climate 

chamber. The maximum tested temperature of 40°C was selected as higher temperatures 

are unlikely to be reached in building envelope sheathings in Northern climates such as 

Canada’s [56]. Table 3-2 provides an overview of the RH levels and temperatures 

implemented in this experiment. 

Table 3-2: Tested RH and temperature levels 

RH (%) 73.3 85 92.5    

T (°C) -10 0 10 20 30 40 
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3.3 Experimental Procedure  

This section describes the steps taken to make the data acquisition instrumentation 

functional through hardware and software. Following this, the wood sample preparation 

process that is needed prior to the sample conditioning process is outlined. The sample 

conditioning process in conjunction with how resistance measurements were taken are then 

described. Finally, the sample oven-drying process is explained. 

 

3.3.1 Data Acquisition  

Recalling section 3.1.4, the bulk cable purchased for data logging the resistance 

measurements was 1000ft in length and consisted of 9 conductors of 24 gauge stranded 

wire in addition to an uninsulated ground wire. 12 cables were cut to different lengths from 

the large spool of wire as each cable was designated to reach a specific location where 

samples sat on the top shelf within the climate chamber. Specific channels were dedicated 

for measuring resistance in the longitudinal, tangential, and both directions. Having a 

maximum capacity of 60 channels for resistance measurements posed a challenge since the 

126 pine samples contained a total of 168 pairs of fasteners (i.e., 168 channels were 

required). This meant that the same 60 channels measuring the resistance of samples sitting 

on the top shelf would also need to measure resistances for samples sitting on the lower 

shelves. This was done by disconnecting the data cables from the wood samples on the top 

shelf, switching the top shelf with a lower shelf, and reconnecting the data cables to the 

samples that now sit on the top shelf.  
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To create fully functional wiring for data logging, the ends of the wires going to the 

fasteners in the wood samples were terminated using crimp-on alligator clips and the other 

ends going towards the DAQ were terminated at the terminal blocks. This entire process 

was repeated for all 12 cables. The cables were then labelled and ran from the DAQ through 

the access port in the climate chamber to the wood samples’ location on the top shelf. 

Figure 3-10 shows the data-logging cables with the crimped-on alligator clips that are 

responsible for measuring resistance across the fasteners installed in wood samples.  

 

Figure 3-10: Data-logging cables for measuring resistance 

The final step with regards to the DAQ hardware was to connect the DAQ’s 

embedded controller to the local network in the research lab to be able to configure the 

various modules and perform data-logging processes via LabVIEW. 

After completing the hardware requirements to operate the DAQ, the task for the 

software side began. The program that ran the data logging operations in NI LabVIEW 

2019 SP1 was developed. The program involved configuring the DMM and MUX modules 

into a LabVIEW virtual instrument (VI). The VI essentially consisted of a component that 

read the resistance at a specified channel and switched consecutively to read the following 
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channel, a component which outputted the measurements into MS Excel, and a component 

which forced a time delay to occur between every set of consecutive measurements. The 

function of the time delay was to prevent duplicates from occurring in the output Excel 

spreadsheet. A block diagram of this VI is seen in Figure A-1 in Appendix A.  

3.3.2 Sample Preparation 

Boards of eastern white pine species with a nominal thickness of 1.9 cm (3/4”) were 

collected from multiple suppliers to ensure sample randomization. A total of 126 samples 

with dimensions of 63.5 mm (longitudinal) x 63.5 mm (tangential) x 19 mm (radial) were 

cut from these boards. The samples were free of visible irregularities such as knots, decay 

and resin concentrations as dictated by ASTM D4444 [57]. The samples were then lightly 

sanded down using 100 grit sandpaper to remove any lose splinters on the surface. 

Prior to fastener installation, pilot holes just smaller in diameter than the fasteners 

were drilled to reduce crack formation (especially along the grain of wood). The pilot holes 

were centered with respect to the sample and installed at a spacing of 23mm from the center 

of the first pilot hole to the center of the second pilot hole. This process was repeated in 

both directions for the samples that would later have four fasteners installed in a diamond 

orientation. The spacing was selected to be 23mm as the spacing from an existing 

commercially sold MC sensor was used as a template. The depth of all the pilot holes in 

the samples was approximately 9.5mm at 0.5H (H = sample thickness). Recalling section 

2.1.2, it is normally recommended to select 1/3rd of the sample thickness as the depth for 

in-situ applications as that position approximates the average MC from MC gradients. 

However, the nature of this testing aims to eliminate moisture gradients since the objective 

is for the samples to reach equilibrium in the climate chamber. Therefore, the half-thickness 
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was selected to be the depth for fastener installation instead as more surface contact within 

the wood samples was desired. Diameters for each fastener type along with their 

corresponding pilot hole dimensions are seen in Table 3-3. 

Table 3-3: Pilot hole dimensions for each fastener 

 Stainless 
steel screw 

#8 Zinc 
screw 

#4 Zinc 
screw 

Stainless 
steel nail 

Roofing 
nail 

Brass 
screw 

Fastener diameter (mm) 4.8 2.8 4.2 2.1 3.5 3.3 

Pilot hole diameter (mm) 3.2 1.6 2.4 1.2 2.4 1.6 

A critical step to the experiment was implemented to prevent moisture from 

entering or leaving the wood samples as they were exposed to different temperatures and 

vapour pressures. By changing the ambient temperature, wood becomes susceptible to 

different vapour pressures causing changes in mass. To mitigate these changes, the wood 

samples were placed in low-density polyethylene bags which had slits small enough for 

fasteners to penetrate through. This ensured that constant mass was maintained whenever 

the temperature setpoint in the climate chamber was changed. Using a utility knife, two 

slits were made in the polyethylene bags dedicated for samples with two fasteners to be 

installed (i.e., longitudinal, and tangential). The same was done for the polyethylene bags 

dedicated for samples with four fasteners to be installed (i.e., diamond orientation); 

however, four slits were made instead. The slits were made to be 23mm apart which 

corresponded to the distance between the pre-drilled pilot holes. Following this process, 

the fasteners were inserted through the slits in the bags into the samples at the same depth 

as the pilot holes (9.5 mm). 

To make the polyethylene bags more airtight and less vulnerable to moisture 

transport, construction-grade sheathing tape (Tuck Tape) was placed around every fastener 

where wood was permeable to moisture due to the slits in the bags. This tape is also used 
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in building envelope applications where it is typically used to seal seams of vapour barriers 

covering insulation materials.  

To further improve the bags’ capacity to retain air, a non-conductive water-proof 

adhesive was applied over the Tuck Tape patches. This was done to ensure that the interface 

between each fastener and tape patch was sealed to further prevent moisture transport in or 

out. A series of trials were performed using a DMM to determine which of the following 

water-proof adhesives was the most non-conductive: hot glue, J-B Weld Plastic Bonder 

Epoxy, silicone caulk, and bonding putty.  

 

Figure 3-11: Strips of water-proof adhesives 

A thin strip of each adhesive was placed on a flat surface (Figure 3-11) and probes 

from a DMM were used to run a current through each strip. The bonding putty was the 

only adhesive to give a resistance reading that was greater than the DMM’s maximum 

threshold, while the other 3 adhesives outputted explicit resistances that were less than the 

DMM’s threshold. This was an indicator that it was the most non-conductive water-proof 

adhesive out of the four choices. Additionally, the electrical conductivities of the base 

ingredients that made up the putty were low in comparison to the electrical conductivity of 

the fasteners and the wood. Therefore, bonding putty was selected for this experiment, and 

it was applied along the circumference of each fastener over the Tuck Tape patches.  The 
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entire step-by-step sample preparation process is seen in Figure 3-12 using stainless steel 

screws. This process was repeated for all 126 pine samples using different grain 

orientations and different fastener types. 

 

Figure 3-12: (a) Top-left: pre-drilled pilot holes, (b) Top-right: inserted fasteners, 
(c) Bottom-left: added Tuck Tape patches, (d) Bottom-right: added bonding putty 

3.3.3 Sample Conditioning 

Following the sample preparation process outlined in Figure 3-12, all 126 samples 

were placed in the climate chamber in an orientation where the polyethylene bags did not 

envelope the wood. Sufficient space between each sample was given to ensure homogenous 

air flow over all samples on all sides as seen in Figure 3-13. 
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Figure 3-13: Wood samples conditioning in climate chamber 

The samples were prepared during the months of July and August of 2020 where 

the conditions were the warmest and most humid throughout the year. During that time, 

the lab where the samples were prepared maintained an average climactic condition of 

𝑅𝐻=60%/𝑇=24°C which translated to a vapour pressure of ~1.8 kPa when Equation (3-1) 

is used.  

 𝑃v = 𝑅𝐻 ∙ 𝑃g (3-1) 

where 𝑃v is the vapour pressure and 𝑃g is the saturated vapour pressure. The first 

conditioning setpoint in the climate chamber (𝑅𝐻=73.3%/𝑇=20°C) contributed ~1.7 kPa 

of vapour pressure and, as a result, the samples would have lost moisture in the chamber. 

Therefore, the samples were dried for 2 days in the climate chamber at a setpoint of 

𝑅𝐻=30%/𝑇=20°C prior to conditioning the samples at 𝑅𝐻=73.3%/𝑇=20°C. This ensured 

that the samples gained moisture at the first setpoint and that an adsorption isotherm is 

followed as RH increases consecutively.  
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From that point onwards, weekly mass measurements were taken using the 

weighing balance for 10% of the total sample size (n=13). The 13 samples were randomly 

selected from the 3 shelves in the chamber to determine when steady state was reached. 

Equilibrium was reached when the weekly mass variation was ≤0.1% which took 

approximately 9 weeks ± 1 week for each tested RH level. Once equilibrium was 

confirmed, all 126 samples were sealed via the polyethylene bags (Figure 3-14), weighed, 

and their masses were recorded.  

 

Figure 3-14: (a) Left: Unsealed sample, (b) Right: Sealed sample 

Following the equilibrium check, the wires with crimped-on alligator clips coming 

from the DAQ were attached to their designated fasteners for samples on the top shelf 

(Figure 3-15). Resistance measurements were taken by applying an instantaneous DC 

voltage of 10V from the DMM through the LabVIEW VI (Figure A-1, Appendix A). This 

process was repeated for the samples on the middle shelf and bottom shelf. Once all the 

resistance measurements were collected at 𝑅𝐻=73.3%/𝑇=20°C, the temperature setpoint 

in the chamber was changed in the following order: 1) 𝑇=10°C, 2) 𝑇=0°C, 3) 𝑇=-10°C, 4) 

𝑇=30°C, and 5) 𝑇=40°C, and resistances were recorded at each temperature setpoint to 

observe the effect of temperature on electrical conductivity. 
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Figure 3-15: DAQ wiring ready for recording resistance 

To ensure that samples fully reached steady-state conditions at each temperature 

prior to taking resistance measurements, two dummy samples with thermocouples installed 

at 9.5mm (0.5H) deep were placed within the chambers as seen in Figure 3-16.  

 

Figure 3-16: Dummy wood sample with thermocouple installed at 0.5H deep 

The thermocouple readings were monitored through a LabVIEW VI and resistance 

measurements were recorded when temperatures stabilized at ±0.1°C. Time taken for 

stabilization was slower at lower temperatures and faster at higher temperatures. This is 

the case as more work is generally required to cool the chamber in comparison to warming 

H

0.5H
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it. The average time taken to reach thermal equilibrium was ranged from 3-4 hours. At each 

temperature, it was ensured that the samples remained within a constant mass tolerance of 

±0.2%. Maintaining this tolerance was challenging at high temperatures and high RH levels 

due to the overpowering vapour pressures and relatively long exposure time in the climate 

chamber. This is later discussed in Chapter 6 as one of the challenges experienced with this 

testing.  

This entire process was repeated at the other two RH levels (85% and 92.5%). As 

mentioned in section 3.2.1.2, it was initially established that a fourth RH setpoint 

(𝑅𝐻=97%) would be tested. However, due to the unexpected growth of surface mould and 

sap on the samples at 𝑅𝐻=92.5%, collection of resistance measurements stopped. This is 

further discussed in Chapter 6.  

3.3.4 Sample Drying 

The final step needed to calculate gravimetric MC was to oven-dry the samples in 

the forced-convection oven. Implementing “Method A – Primary Oven-Drying Method” 

that is outlined in ASTM D4442 [20] was not feasible for oven-drying the samples as 

buying weighing bottles for all 126 samples was too costly. Alternatively, “Method B – 

Secondary Oven-Drying Method” that is also outlined in the standard was followed. Due 

to the limited volumetric capacity of the oven, the drying process was completed for one 

batch at a time where each batch contained 21 samples (6 batches total). Additionally, 

sufficient space between each sample in the oven was needed to ensure homogenous drying 

for all samples from all sides. For every batch, the samples were removed from the chamber 

and their polyethylene bags, Tuck Tape patches, bonding putty and fasteners were also 

removed without compromising the integrity of the wood as seen in Figure 3-17.  
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Figure 3-17: Before and after removal of non-wooden materials 

Masses before and after their removal were recorded to account for only the mass 

of wood. As dictated in ASTM D4442, the drying endpoint is reached when the mass loss 

over a 3-hour interval is equal to or less than twice the selected balance sensitivity (i.e., 

Equation (3-2)). 

 ∆𝑚 ≤ 2 × 𝑃 × 𝑚i (3-2) 

where ∆𝑚 is the mass loss over 3 hours, 𝑃 is the weighing balance precision level, 

and 𝑚i is the initial mass of the sample prior to drying. By initially testing various dummy 

samples, it was determined that 15 hours was the average time period needed to reach the 

drying endpoint for eastern white pine at a sample thickness of 19mm. Determining this 

entailed weighing the dummy samples every 3 hours until Equation (3-2) held true (15-

hour mark). One batch at a time was placed in the oven at a temperature of 105°C. To 

confirm that Equation (3-2) held true at 15 hours, each sample in every batch was weighed 

at t=12 hours and t=15 hours. Weighing each sample in the balance involved opening the 

oven door, removing the sample, closing the oven door, weighing the sample, and returning 

it in less than ~15 seconds. Doing this minimized the moisture uptake experienced by the 

dry sample as it was exposed to relatively humid ambient conditions upon leaving the oven. 

Following these steps also ensured that the oven’s temperature did not decrease below 

100°C. This procedure was repeated for all 126 samples and all the dry-weights were 

recorded.   
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3.4 Summary 

The methodology implemented in this dissertation can be divided into 3 parts. First, 

the experimental apparatus which included a climate chamber, forced-convection oven, 

weighing balance and the DAQ instrumentation were set up in a lab setting to help in 

collecting MC and resistance data for eastern white pine samples. Second, the experimental 

design process entailed that MC and resistance measurements would be recorded using 6 

different fasteners (stainless steel screws, #8 zinc screws, #4 zinc screws, stainless steel 

nails, roofing nails and brass screws) installed along the grain and across the grain of wood 

for 126 samples. Additionally, the experiment was designed so MC and resistance data is 

collected at three different RH levels (73.3%, 85%, 92.5%) and six different temperatures 

(-10°C to 40°C in 10°C increments). Finally, the experimental procedure which involved 

data-logging, sample preparation, sample conditioning, and sample drying was performed 

to complete the experimental methodology. The next chapter will provide a background 

about statistical analysis and describe the overall approach that was used in the dissertation 

to analyze the collected MC and resistance data.  
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Chapter  4: Statistical Analysis 

This section aims to: 1) provide a general understanding of F-tests, t-tests and 

regression analysis, and 2) describe the statistical methodology that was implemented to 

analyze the collected resistance data. A series of t-tests were completed to determine if 

datasets had significant statistical differences when comparing their means. Assumptions 

regarding dataset distributions are also outlined as they are important prerequisites for 

completing these tests. Following this, non-linear multivariate regression analyses were 

performed on the datasets using Equation (2-7) and optimized regression coefficients were 

calculated. Using this approach, conclusions regarding the effect of sensor orientation and 

fastener type on MC measurements were made possible. In addition, these coefficients will 

be used to compare with ones from literature and differences attributed by both sets will be 

examined. Figure 4-1 breaks down the sequence of steps taken that helped in determining 

whether these two factors should be taken into consideration when measuring MC. Each 

of these steps will be further discussed in the remainder of the section. 

 

Figure 4-1: Breakdown of statistical analysis approach 
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4.1 Comparison of Means 

Prior to starting the statistical analysis of the results, it was ensured that the datasets 

were complete through LabVIEW. The entire dataset was divided into 12 independent data 

subsets where each subset represented the resistances and MC data of one fastener type 

measured in one grain direction at all six temperatures. By comparing the means of these 

data subsets (i.e., performing t-tests), it can be determined if a significant difference in 

means exists between subsets.  

T-tests are performed to investigate if homogeneity exists between independent 

data subsets. This is done by conducting a test of significance and applying the principles 

of null and alternative hypotheses. The null hypothesis assumes that the means are not 

significantly different from each other, while the alternative claims that the null hypothesis 

can be rejected. The hypotheses which have been implemented in the methodology are seen 

in Equations (4-1) and (4-2). 

 𝐻o: 𝜇1 = 𝜇2 = ⋯ = 𝜇n (4-1) 

 𝐻a: 𝜇1 ≠ 𝜇2 … ≠ 𝜇n (4-2) 

where 𝜇 is the mean of a single data subset. A visual representation of this is shown in 

Figure 4-2 where the two means of independent data sets are compared. When these 

hypotheses were implemented for the 12 data subsets, a 95% confidence interval (CI) was 

used (i.e., α=0.05). 95% was selected as that was the maximum CI where statistical claims 

could be made in regard to distinguishing between all 12 data subsets. By performing a t-

test, a t-score was first calculated for each test run and the probability of obtaining this 

score (p-value) when the null hypothesis is accepted was then determined. If p>α, the 

means of two data independent subsets are considered to be approximately equal and the 
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null hypothesis is failed to be rejected. If p≤α, the means of two independent data subsets 

are considered to be significantly different from each other and the null hypothesis is 

rejected. T-tests were performed using the IBM® SPSS® statistical software package.  

 

Figure 4-2: Comparing the means of two independent data sets 

Before performing the t-tests, two main criteria regarding the resistance data’s 

distribution had to be met first. The first criterion is that when plotted, the data had to result 

in a normal bell-shaped distribution curve. Plotting the resistances did not result in a normal 

distribution, therefore, a logarithmic transformation was applied to the data using a built-

in feature in SPSS. This method was chosen as it expressed the non-linear relationship 

between MC and resistance in a linear manner, and it allowed the skewed data to 

approximately conform to normality.  

The second criterion is that there must be homogeneity of variance among the data 

subsets. This means that standard deviations of any given two data subsets must be 

approximately equal. This was verified by performing F-tests through SPSS after applying 

logarithmic transformations on the data. The same procedure as the t-test was followed in 

the sense that an f-score was calculated for each test run and the p-value corresponding to 

each F-test was calculated. The null hypothesis found in Equation (4-3) had to be satisfied 

prior to performing the t-tests. 
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 𝐻o: 𝜎1 = 𝜎2 = ⋯ = 𝜎n (4-3) 

where 𝜎 is the standard deviation of a single data subset. To ensure that variances are 

homogeneous as seen in Equation (4-3), all p-values had to be greater than alpha (0.05). 

This ensures that the data being compared in the t-test are from the same population and 

share the same distribution patterns. Once homogeneity of variance was proven, the null 

hypothesis in Equation (4-3) was failed to be rejected and a series of t-tests were performed. 

T-tests were performed to compare data subsets of each fastener in both grain 

directions to determine if grain orientation should be taken into consideration when MC is 

measured. Similarly, t-tests were also done to compare data subsets of fasteners with 

respect to each other to determine if fastener type should be taken into consideration when 

measuring MC.  

4.2 Regression Analysis 

Certain data subsets were grouped together depending on whether grain orientation 

and fastener type had an impact on MC measurements (i.e., t-test results). Using Equation 

(2-7), multivariate regression analyses were performed on these dataset groupings through 

the Curve Fitting Toolbox ™ in MATLAB to calculate regression coefficients for this 

empirical equation. For example, if t-test results for stainless steel screw resistance 

measurements showed that there is no significant difference between data collected along 

the grain and across the grain, the two data subsets corresponding to each grain direction 

would be combined then regression is performed on this data to yield one set of regression 

coefficients for stainless steel screws. For consistency with nomenclature from literature, 

Equation (2-7) has been revised to Equation (4-4) to reflect the original regression 

coefficient variables (i.e., 𝑏0= 𝑏 and 𝑏1= 𝑎). 
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 log10(𝑀𝐶u) = 2.99 − 2.113(log10(log10(𝑅))) (4-4a) 

 𝑀𝐶C = [
𝑀𝐶u + 0.567 − 0.0260𝑇 + 0.000051𝑇2

0.881(1.0056)𝑇
− 𝑏] ÷ 𝑎 (4-4b) 

Upon inputting Equation (4-4) into the Curve Fitting Toolbox ™, the regression 

model was set-up so that: 1) the independent variables (i.e., predictors) in the model are 

“𝑅” and “𝑇”, 2) the dependent (i.e., response) variable in the model is “𝑀𝐶C”, and 3) the 

regression coefficients in the model are “𝑎” and “𝑏”. Due to the non-linear multivariate 

nature of Equation (4-4), non-linear-least-squares was the iterative method that was used 

to find the optimized coefficients for each dataset grouping. The default “Trust-Region” 

algorithm in the Curve Fitting Toolbox™ was used to approximate the model function. 

Prior to performing the iterative process, initial estimated values for the regression 

coefficients were selected as “𝑎=0.821” and “𝑏=0.556” – these are the values published in 

literature by Pfaff and Garrahan [28] for eastern white pine. Using the default fit options 

in the regression model yielded optimized regression coefficients. Fitting the model was 

not an iteratively challenging process therefore modifying the fit options to reflect different 

convergence criteria did not affect the yielded results. The fit options implemented through 

the Curve Fitting Toolbox™ are seen in Table 4-1. For more information, detailed 

descriptions of each parameter can be found through the MathWorks® help center [58]. 

Table 4-1: Fit options implemented in Curve Fitting Toolbox™ 

Parameter Description Value 

DiffMinChange Minimum change finite-difference gradient 1x10-8 

DiffMaxChange Maximum change finite-difference gradient 0.1 

MaxFunEval Max Functional Evaluations 600 

MaxIter Max Iterations 400 

TolFun Function Tolerance 1x10-6 

TolX Step Tolerance 1x10-6 
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Once the regression model was finalized, optimized regression parameters (“𝑎” and 

“𝑏”) and goodness-of-fit parameters (𝑅2 and 𝑅𝑀𝑆𝐸) were calculated through the software 

for each dataset grouping. Following this, using the regression coefficients from Pfaff and 

Garrahan’s published work, 𝑅2 and 𝑅𝑀𝑆𝐸 were manually calculated in MS Excel for the 

same dataset groupings using Equations (4-5) and (4-6), respectively. The purpose behind 

calculating these parameters was to perform a comparative analysis between the different 

sets of regression coefficients, and determine which set of coefficients minimized 𝑅𝑀𝑆𝐸 

and maximized 𝑅2. Differences observed between these parameters gave clear indications 

about the impact of fastener type and grain orientation on MC measurements which are 

discussed in more detail in Chapter 6. 

 𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
=

∑(𝑀𝐶observed − 𝑀𝐶̅̅̅̅̅
observed)2

∑(𝑀𝐶observed − 𝑀𝐶predicted)
2 (4-5) 

 𝑅𝑀𝑆𝐸 = √
∑ (𝑀𝐶observed − 𝑀𝐶predicted)2𝑁

𝑖=1

𝑁
 (4-6) 

4.3 Summary 

This chapter provided a brief background of t-tests and regression analysis, and 

explained the approach that was used to analyze the data recorded in this experiment. 

Datasets were log-transformed to normalize their distribution which was followed by 

performing a series of F-tests and t-tests to compare the variances and means of these 

datasets, respectively, to help in determining the impact of sensor orientation and fastener 

type on MC measurements. Finally, multivariate regression analyses were performed using 

Equation (4-4) to compare goodness-of-fit parameters between different regression curves. 
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The next chapter will present overall trends with regards to MC and resistance, and will 

present the statistical analysis that was applied to the data.  
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Chapter  5: Results 

 Resistance measurements in eastern white pine samples were taken along the grain 

and across the grain using different fastener types at three RH levels and six temperatures. 

Wet mass measurements of the samples were taken at each RH level followed by taking 

dry mass measurements after oven-drying the samples to determine their MC as a 

percentage of the oven-dry mass. In this chapter, the relationship between MC and R is 

examined at different grain orientations using different fasteners. Statistical comparisons 

are performed between data subsets to determine if measurements completed using 

different fasteners at different grain orientations are significantly different from each other. 

Based on these statistical findings, regression analyses are completed to calculate new and 

proposed regression coefficients for an existing empirical MC correlation used in industry 

today. Finally, the proposed coefficients are compared to coefficients from literature and 

an overall conclusion to the research objectives proposed are presented.  

5.1 Moisture Content 

The first step in processing the collected data was determining the MC as a percentage 

of the oven-dry mass for each sample at every RH level. First, the wet weight of each wood 

sample was calculated by subtracting the masses of the fasteners, polyethylene bag, 

construction tape and bonding putty. This was done to determine the mw of only the wood 

at each RH level. After oven-drying the samples, dry-mass measurements were taken, and 

oven-dry MC was calculated using Equation (2-1). A sample was randomly selected from 

the dataset and MC results for this sample were calculated and displayed in Table 5-1. 
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Table 5-1: Moisture content results for a randomly selected sample 

𝒎𝐝 (g)  31.090  

𝑹𝑯 73.3% 85% 92.5% 

𝒎𝐰 (g) 35.393 36.058 37.243 

𝑴𝑪 (%) 13.8 16.0 19.8 

It should be noted that EMC levels near 18.0% and 22.0% were expected for 

𝑅𝐻=85% and 𝑅𝐻=92.5% at 𝑇=20°C based on the values provided in ASTM D4933. 

However, the documentation also specifies that these target MC values are not specific to 

any species but are only there to provide a general estimate of EMC for “lumber”. The 

actual EMC for each species differs due to the natural variability present in wood. The 

target EMC for 𝑅𝐻=73.3% was fairly accurate for the eastern white pine samples as the 

mean MC calculated was 13.6%, which is only 0.4% away from the target of 14%. The 

other two RH levels brought about mean MC values of 16.3% and 20.0% which were 1.7% 

and 2.0% away from the targets of 18.0% and 22.0%, respectively. Based on these results, 

if target MC values of 18% and 22% are desired at 𝑇=20°C, RH levels higher than 85% 

and 92.5% are needed in future testing for eastern white pine. 

5.2 Moisture Content vs. Resistance  

The relationship between MC and resistance is now possible to examine as the oven-

dry MC for all the samples was determined. In this section, the relationship between MC 

and resistance is examined by looking at the overall trends observed for the 𝑀𝐶 vs. 𝑅 

curves at each tested temperature. In addition, MC-resistance curves are incorporated on 

the same plot for each grain orientation to examine the high-level impact of fastener type 

on resistance measurements. This section aims to make quantitative and qualitative 

observations about these trends; however, the statistical significance of taking grain 

direction and fastener type into account is yet to be examined. In other words, do grain 
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direction and fastener type need to be considered when measuring MC in-situ? Following 

this section, this question is answered in Section 5.3 via statistical analysis. 

5.2.1 Grain Direction 

Electrical resistance was measured along (longitudinal) the grain and across 

(tangential) the grain to determine if there was a significant difference between these values 

at different grain orientations. Resistance data is presented in Figure 5-1 for the #10 

stainless steel screws as the electrode type to highlight overall observed trends regarding 

grain orientation and temperature. Plots for #8 zinc-plated screws, #4 zinc-plated screws, 

2.1mm stainless steel nails, 3.5mm roofing nails and #6 brass screws are found in Figure 

B-1 through Figure B-5 (Appendix B) where they display very similar trends to Figure 5-

1 with slight differences in resistance magnitudes. It should be noted that the y-axes for 

these graphs were optimized to fit the data at each temperature and are not all uniform. 

As observed in Figure 5-1, the recorded resistance measurements are clustered 

around mean MC values of 13.7%, 16.2% and 20.0% which directly correspond to RH 

levels of 73.3%, 85% and 92.5%, respectively. The general trend observed in the scatter 

plots is that electrical resistance decreases logarithmically when MC increases, which is 

also seen in literature [12,59–61]. As water is an electrically conductive fluid, increasing 

moisture levels in wooden materials corresponds to a higher level of electrical conduction, 

therefore decreasing electrical resistance.  
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Figure 5-1: Moisture content vs. resistance data along and across the grain at different temperatures 
(#10 stainless steel screws) 
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A key takeaway from Figure 5-1 is that the effect of temperature on resistance 

readings is significant. To better visualize the effect of temperature on electrical 

conductance, resistance values were plotted against MC on a single plot for each 

temperature as seen in Figure 5-1. Combining the data from all six temperatures into one 

plot does not accurately reflect or emphasize the smaller resistance measurements at higher 

temperatures due to the values having a logarithmic nature as temperature decreases.  First, 

it is observed that increasing the wood’s temperature at constant moisture levels increases 

the electrical conductivity within the material, thereby decreasing electrical resistance. The 

opposite is also true where decreasing the wood’s temperature increases electrical 

resistance within the material. This occurs as the mobility of ions (charge carriers) within 

wood increases at higher temperatures and decreases at lower temperatures, thus affecting 

the resistance measurements accordingly [13]. The same trend is seen in Figure B-1 

through Figure B-5 (Appendix B). 

Another key takeaway from Figure 5-1 is that grain orientation affects resistance 

readings, and the difference may be statistically significant. It is observed that resistance 

measurements taken in the tangential direction (𝑅T) are marginally larger than 

measurements taken in the longitudinal direction (𝑅L) at every tested temperature. This can 

be attributed to the ease of moisture to conduct electricity along the fibers of wood rather 

than across the tightly packed fibers in the tangential direction. As this trend was 

consistently seen in Figure 5-1 and Figure B-1 through Figure B-5 (Appendix B), it shows 

that the way the fasteners were oriented did impact MC measurements to a certain extent; 

however, it is not certain yet if this impact is statistically significant or not. The difference 

in resistances between the two directions becomes less significant when moisture content 
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increases as there tends to be more of an overlap in readings. This trend agrees with what 

was stated in the literature review chapter regarding anisotropic electrical conductivity.  

To accurately quantify the degree to which 𝑅T is greater than 𝑅L within eastern 

white pine, an analysis was done using the wood samples containing four electrodes 

installed in both longitudinal and tangential directions. This was done to compare 

resistances within the same samples rather than between samples. The ratio of the 

resistances measured in the tangential direction to ones measured in the longitudinal 

direction in a given sample will henceforth be referred to as the 𝑅T/𝑅L ratio. Due to the 

general trend of tangential resistances being larger, 𝑅T was normalized with respect to 𝑅L. 

First, to determine if 𝑅T/𝑅L ratios are a function of temperature, 𝑅T/𝑅L values were 

quantified for each temperature using all six fastener types at each RH level. The ratios for 

samples conditioned at 𝑅𝐻=73.3%, 𝑅𝐻=85% and 𝑅𝐻=92.5% are found in Figure 5-2 to 

Figure 5-4, respectively. 

 

Figure 5-2: RT/RL ratios for samples conditioned at RH=73.3% 
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Figure 5-3: RT/RL ratios for samples conditioned at RH=85% 

 

Figure 5-4: RT/RL ratios for samples conditioned at RH=92.5% 
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at every temperature show < ±5% deviation from the mean value. Therefore, it was 

established that 𝑅T/𝑅L ratios are independent of temperature for eastern white pine. 

With regards to the #4 zinc-plated screws, 2/3rd of the calculated 𝑅T/𝑅L ratios from 

Figure 5-2 to Figure 5-4 display consistent trends based on the ±5% deviation criterion; 

however, the remaining 1/3 shows a larger deviation that is within ±15% of the mean value. 

A larger degree of uncertainty is expected with the use of the #4 zinc-plated screws as the 

alligator clips (responsible for clamping to the fasteners to measure resistance) generally 

had contact pressure issues due to the lack of fastener length available and small head size. 

Therefore, this size of fastener is not recommended to be used in-situ applications for MC 

measurements as it would pose unnecessary challenges due to contact pressure problems. 

After concluding that 𝑅T/𝑅L ratios were independent of temperature, the next step 

was to check if these ratios were a function of RH (or MC). To determine this, the mean 

value for each fastener type at each RH level was taken from Figure 5-2 to Figure 5-4 and 

their values were plotted in Figure 5-5.  

 

Figure 5-5: Mean RT/RL ratios at three RH levels 
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Looking at Figure 5-5, again it is found that all fastener types display consistent 

𝑅T/𝑅L ratios when comparing ones from each RH level. Similar to Figure 5-2 to Figure 5-

4, as ratios for each fastener type show < ±5% deviation from the mean value, it was 

established that 𝑅T/𝑅L ratios are independent of RH (or MC) for eastern white pine. 

Henceforth, final resistance ratios that are independent of both temperature and RH have 

been outlined in Table 5-2 for each fastener type. 

Table 5-2: RT/RL ratio for each fastener type 

 Stainless Steel 
Screw 

#8 Zinc 
Screw 

#4 Zinc 
Screw 

Stainless 
Steel Nail 

Roofing 
Nail 

Brass 
Screw 

𝑹𝐓/𝑹𝐋 Ratio 1.320 1.159 1.284 1.175 1.255 1.227 

5.2.2 Electrode Type 

The same data found in Figure 5-1 and Figure B-1 through Figure B-5 were grouped 

by fastener (or electrode) type and plotted for both grain directions. This was done to 

determine if fastener type impacts electrical resistance measurements graphically. Figure 

5-6 and Figure 5-7 were plotted to display MC/resistance measurement trends for each 

fastener and to graphically identify if any of these trends stood out. Figure 5-6 and Figure 

5-7 represent the measurements taken along the grain and across the grain, respectively.  

It should be noted that to better illustrate the 𝑀𝐶 vs. 𝑅 trends of the fasteners with 

respect to each other, optimized trendlines using Equation (4-4) were added to Figure 5-6 

and Figure 5-7. This was done as the overlap in data points made it difficult to interpret the 

scatter plots and differentiate between the data of each fastener. It should also be noted that 

the y-axes for these graphs were optimized to fit the data at each temperature and are not 

all uniform. 
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Figure 5-6: Moisture content vs. resistance data for each fastener type at different temperatures 
(along the grain) 
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Figure 5-7: Moisture content vs. resistance data for each fastener type at different temperatures 
(across the grain) 
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It is evident in Figure 5-6 and Figure 5-7 that the trendlines for the stainless steel 

nail fasteners (green curves) at every temperature for both grain directions display 

significantly higher resistances than the trendlines of the other fasteners. This occurs due 

to the fastener having a diameter of 2.1 mm, which is the smallest diameter (i.e., lowest 

surface contact area with wood) out of all the fasteners that are larger in diameter and/or 

contain threads which promote electrical conductivity. As stainless steel nails lack threads, 

there is less electrical conductivity at the fasteners which in turn translates to larger 

resistance measurements. Roofing nail fasteners also lack threads; however, their larger 

diameter compensates for the lack of surface contact area from threads and therefore they 

(purple curves) are fairly similar to screw-type fasteners in resistance measurements. 

With regards to temperature, the resistance measurements of the fasteners with 

respect to each other change consistently. At every temperature, it is seen that the 𝑀𝐶 vs. 

𝑅 curves for stainless steel screws, #8 zinc-plated screws, #4 zinc-plated screws, roofing 

nails and brass screws are always clustered together, while the curve for stainless steel nail 

displays the same trend at higher magnitudes. This is also the case for both grain directions. 

While this is the case for stainless steel nails, the statistical significance with regards to 

these fasteners still needs to be determined.  

5.3 Multivariate Statistical Analysis 

This section aims to answer two questions via statistical analysis: 1) Does grain 

orientation need to be considered when measuring MC within wood? and 2) does electrode 

type need to be considered when measuring MC within wood? To be more specific, 

statistical comparisons of sample variances and sample means using F-tests and t-tests, 
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respectively, are performed to determine the level of statistical significance (p) between 

data sets.  

First, when plotted in a histogram, data must result in a normal distribution – this 

is done for the collected resistance data by applying logarithmic transformations. Second, 

comparisons of sample variances are done using F-tests to ensure homogeneity of 

variances. Finally, comparisons of sample means are done using t-tests to determine if there 

is a significant difference between sample means. A confidence interval of 95% was 

selected for the statistical comparisons therefore α=0.05. 

5.3.1 Logarithmic Transformation 

Due to the logarithmic nature of the relationship between MC and resistance, 

plotting the resistance data in the form of a histogram did not result in a normal distribution. 

To satisfy F-test and t-test requirements, it was necessary to apply a logarithmic (log) 

transformation to the data. This was done by taking the logarithm of the resistance data 

(i.e., log[𝑅]) and plotting the new histogram to confirm that it was now normally 

distributed. A double log transformation was initially investigated to maintain consistency 

with Equation (4-4) as it contains a “log[log[𝑅]]” term; however, it was not applied as the 

double logarithmic transformation did not significantly improve the normality of the 

histogram. Figure 5-8 and Figure 5-9 show the data distribution before and after log 

transformation for the #10 stainless steel screws along the grain. Figure C-1 and Figure C-

2 in Appendix C show the distribution pre-log and post-log transformation, respectively, 

for all six fasteners in both grain directions. 
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Figure 5-8: Resistance distribution pre-log transformation for stainless steel screws along the grain 

 
Figure 5-9: Resistance distribution post-log transformation for stainless steel screws along the grain 

 Skewness and kurtosis parameters were computed to test the normality of all the 

datasets. According to George [62], distributions are considered to be normal when their 

skewness and kurtosis values are within ± 2.0. The transformed distributions found in 

Figure 5-9 and Figure C-2 (Appendix C) all have skewness values within ± 0.2 showing 

that the distributions are approximately symmetrical. The datasets also have kurtosis values 

ranging between ± 1.0 showing that they are all considered to have normal distribution. 

The descriptive statistics for all the datasets are found in Table 5-3. 
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Table 5-3: Descriptive statistics of the transformed datasets 

Grain 

direction 

Fastener 

Type 
Minimum Maximum Mean 

Std. 

deviation 
Skewness Kurtosis 

Along 

Grain 

SS screw 6.040 9.460 7.767 0.852 0.082 -0.801 

#8 zinc 

screw 
6.120 9.640 7.828 0.853 0.114 -0.725 

#4 zinc 

screw 
6.080 9.500 7.834 0.851 0.046 -0.756 

SS nail 6.390 9.630 8.046 0.846 -0.021 -0.851 

Roofing 

nail 
6.240 9.500 7.891 0.818 0.037 -0.794 

Brass 

screw 
6.200 9.500 7.826 0.821 0.139 -0.765 

Across 

Grain 

SS screw 6.250 9.550 7.912 0.842 0.035 -0.800 

#8 zinc 

screw 
6.210 9.660 7.891 0.861 0.107 -0.757 

#4 zinc 

screw 
6.220 9.680 7.944 0.851 0.073 -0.731 

SS nail 6.490 9.640 8.147 0.834 -0.070 -0.877 

Roofing 

nail 
6.390 9.610 7.986 0.821 0.016 -0.809 

Brass 

screw 
6.220 9.600 7.936 0.840 0.076 -0.760 

 

5.3.2 Analysis of Resistance Measurements: Grain Direction 

F-test results comparing the transformed datasets are presented in Table 5-4 to 

examine the effect of grain direction on log[𝑅] values. To be specific, significance levels 

found from comparing log[𝑅] datasets along the grain and across the grain are determined 

for each fastener.  

Table 5-4: Along grain vs. across grain p-values for comparison of variances 

Fastener type p-value 

Stainless steel screws 0.830 

#8 zinc-plated screws 0.849 

#4 zinc-plated screws 0.948 

Stainless steel nails 0.878 

Roofing nails 0.944 

Brass screws 0.736 
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As all the p-values in Table 5-4 are greater than 0.05, it is evident that the datasets 

comparing log[𝑅] values in both grain directions for every fastener are homogeneous with 

regards to variance. As the condition for homogeneity of variance is satisfied, a t-test for 

comparison of means of these datasets is done to determine whether there is a significant 

impact from grain direction on measurements. The p-values corresponding to these t-tests 

are shown in Table 5-5. 

Table 5-5: Along grain vs. across grain p-values for comparison of means 

Fastener type p-value 

Stainless steel screws 0.065 

#8 zinc-plated screws 0.434 

#4 zinc-plated screws 0.175 

Stainless steel nails 0.200 

Roofing nails 0.232 

Brass screws 0.168 

As all the p-values in Table 5-5 are greater than 0.05, it is evident that there is no 

significant difference between data measured along the grain in comparison to data 

measured across the grain. Yielding p-values greater than 0.05 indicates that, within a 95% 

confidence interval, it is very probable that measurements recorded in either grain direction 

will overlap when MC measurements are recorded in the future. As this was the case for 

all fasteners, this indicates that there is no significant difference between measurements 

recorded in the longitudinal and tangential directions. This was the case even though it was 

determined that mean resistances measured across the grain were larger than mean 

resistance measured along the grain. This answers the question proposed in the beginning 

of section 5.3 regarding grain direction, therefore the null hypothesis with regards to grain 

direction is failed to be rejected.   
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Based on the results calculated with regards to grain direction, it was determined 

that sensor orientation causes no significant impact on measurements in eastern white pine. 

This means that the same regression coefficients in any empirical equation can be used to 

measure MC without having to consider the orientation in which the sensor is installed. 

The generated MC data will be accurate within the 95% confidence interval required. 

5.3.3 Analysis of Resistance Measurements: Electrode Type 

F-test results comparing the transformed datasets are presented in Table 5-6 and 

Table 5-7 in the form of correlation matrices to examine the effect of fastener type on 

log[𝑅] values. To be specific, significance levels found from comparing log[𝑅] datasets of 

every fastener type with respect to each other are determined for each grain direction.  

Table 5-6: Correlation matrix for comparison of variances (along grain) 

 
SS screw 

#8 zinc 

screw 
#4 zinc 

screw 
SS nail 

Roofing 

nail 
Brass 

screw 
SS screw 1.000       

#8 zinc screw 0.942 1.000      

#4 zinc screw 0.958 0.984 1.000     
SS nail 0.933 0.992 0.976 1.000    

Roofing nail 0.542 0.599 0.588 0.599 1.000   
Brass screw 0.555 0.612 0.601 0.612 0.985 1.000 

Table 5-7: Correlation matrix for comparison of variances (across grain) 

 
SS screw 

#8 zinc 

screw 
#4 zinc 

screw 
SS nail 

Roofing 

nail 
Brass 

screw 
SS screw 1.000       

#8 zinc screw 0.740 1.000      

#4 zinc screw 0.926 0.812 1.000     
SS nail 0.983 0.723 0.909 1.000    

Roofing nail 0.755 0.524 0.688 0.769 1.000   

Brass screw 0.978 0.724 0.906 0.995 0.779 1.000 

As all the p-values in Table 5-6 and Table 5-7 are greater than 0.05, it is evident 

that the datasets comparing log[𝑅] values between each fastener are homogeneous with 

regards to variance. As the condition for homogeneity of variance is satisfied, a t-test for 
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comparison of means of these datasets is done to determine whether there is a significant 

impact from electrode type on measurements. The p-values corresponding to these t-tests 

are shown in Table 5-8 and Table 5-9. 

Table 5-8: Correlation matrix for comparison of means (along grain) 

 
SS screw 

#8 zinc 

screw 
#4 zinc 

screw 
SS nail 

Roofing 

nail 
Brass 

screw 
SS screw 1.000       
#8 zinc screw 0.438 1.000      

#4 zinc screw 0.400 0.940 1.000     

SS nail 0.001*** 0.006** 0.008** 1.000    
Roofing nail 0.111 0.423 0.475 0.048* 1.000   

Brass screw 0.448 0.976 0.916 0.005** 0.399 1.000 

* Significant at the 95% level (two-tailed) 
** Significant at the 99% level (two-tailed) 

*** Significant at the 99.7% level (two-tailed) 

Table 5-9: Correlation matrix for comparison of means (across grain) 

 
SS screw 

#8 zinc 

screw 
#4 zinc 

screw 
SS nail 

Roofing 

nail 
Brass 

screw 
SS screw 1.000       

#8 zinc screw 0.790 1.000      
#4 zinc screw 0.686 0.504 1.000     

SS nail 0.003*** 0.001*** 0.010** 1.000    

Roofing nail 0.352 0.235 0.595 0.046* 1.000   

Brass screw 0.764 0.576 0.923 0.009** 0.537 1.000 

* Significant at the 95% level (two-tailed) 
** Significant at the 99% level (two-tailed) 

*** Significant at the 99.7% level (two-tailed) 

 Looking at Table 5-8 and Table 5-9, it is seen that the p-values corresponding to 

the stainless steel nail fastener (in red) are all less than 0.05. Some of the values are even 

significantly different at higher confidence intervals of 99% and 99.7% as indicated. The 

values in Table 5-9 show that the data produced by stainless steel nails is significantly 

different than data produced by roofing nails at a 95% confidence interval. It also shows 

that stainless steel nail data is significantly different than the #4 zinc screws and #6 brass 

screws at a 99% confidence interval, and also significantly different than the stainless steel 
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screws and #8 zinc screws at a 99.7% confidence interval. These intervals indicate how 

unlikely that stainless steel nails would produce resistance measurements that are of the 

same magnitude as the other fasteners – showing that stainless nails are very different from 

the others when it comes to electrode selection in MC sensors. However, the remaining 

fasteners all reflect p-values greater than 0.05 with respect to each other which proves that 

they are not significantly different from each other. These results show that measurements 

taken using stainless steel nails are significantly different from every other fastener which 

agrees with the observations made in Section 5.2.2. This answers the question proposed in 

the beginning of section 5.3 regarding electrode type. Therefore, the null hypothesis with 

regards to electrode type is rejected for the 2.1 mm stainless steel finishing nails and is 

accepted for the #10 stainless steel screws, #8 zinc-plated screws, #4 zinc-plated screws, 

3.5mm roofing nails and #6 brass screws. 

Based on the calculated results, it was determined that electrode type should be 

considered when installing MC sensors as it can cause a significant impact on 

measurements. For the fasteners selected in this particular experimental setup, it was 

determined that unique regression coefficients are needed for stainless steel nails. 

However, a different and more generalized set of regression coefficients may be used when 

selecting the #10 stainless steel screws, #8 zinc-plated screws, #4 zinc-plated screws, 

3.5mm roofing nails or #6 brass screws as the electrodes for the MC sensor. Section 5.4 

aims to determine these two sets of regression coefficients using Equation (4-4). 

5.4 Regression Analysis 

Regression using the Curve Fitting Toolbox™ in MATLAB was completed to 

determine two sets of regression coefficients using Equation (4-4). It was established that 
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grain orientation has no significant impact on measurements, therefore both sets of 

coefficients are determined without considering grain orientation (i.e., along and across the 

grain data was combined). Additionally, the data for both sets of coefficients included 

measurements taken at all temperatures – this was the case as temperature is a continuous 

variable in the model and therefore cannot consider one temperature at a time. The first set 

of coefficients is determined for measurements taken using stainless steel nails (Case A) 

while the second set is determined for measurements taken using the other five fasteners 

(Case B). For Case B, MC and resistance data from each fastener were combined under 

one data set to generate one representative model for all five fasteners. Goodness-of-fit 

parameters (𝑅2 and 𝑅𝑀𝑆𝐸) have been calculated for “Case A” and “Case B”. The 

coefficients and goodness-of-fit parameters are found in Table 5-10. 

Table 5-10: Coefficients and goodness-of-fit parameters (Pfaff & Garrahan model) 

Fastener type 𝒂 𝒃 𝑹𝟐 𝑹𝑴𝑺𝑬 

Case A 0.8045 -0.502 0.9172 0.7899 

Case B 0.8748 -0.959 0.9003 0.8470 

The coefficients calculated in Table 5-10 reflect the values which minimize the sum 

of residuals with respect to Equation (4-4). Combining the data from five fasteners together 

(Case B) to yield one representative set of coefficients is useful as it removes the need for 

unique coefficients for each fastener while minimizing the associated 𝑅𝑀𝑆𝐸. It should be 

noted that using Pfaff & Garrahan’s empirical equation yielded 𝑅2 values greater than 0.9 

for “Case A” and “Case B”, showing that regression model very well fits the observed 

measurements. This is further supported by the low 𝑅𝑀𝑆𝐸 values that are less than 1 %MC. 

Goodness-of-fit parameters were calculated using Pfaff and Garrahan’s coefficients; 

however, they will be displayed in Chapter 6 where results are compared to literature. 
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5.5 Summary 

It was determined that the longitudinal grain direction in eastern white pine is more 

conductive than in the tangential direction; however, the degree by which it was more 

conductive depended on the type of fastener installed. 𝑅T/𝑅L ratios independent of MC or 

temperature were calculated for each fastener type: #8 zinc-plated screws and stainless 

steel nails share a mean ratio of 1.17, the aluminum roofing nails and #6 brass wood screws 

share a mean ratio of 1.24, and the #10 stainless steel screws and #4 zinc-plated steel screws 

share a mean ratio of 1.3. However, through performing a series of t-tests, it was established 

that grain orientation does not need to be considered when collecting MC measurements. 

On the other hand, it was proven through statistics that the data collected using stainless 

steel nails as fasteners is significantly different from the remaining fasteners. It was 

determined that fasteners similar in structure to 2.1mm stainless steel nails require a unique 

set of regression coefficients, while fasteners similar to the others can have a generalized 

set of coefficients. Therefore, fastener type should be taken into consideration when 

developing MC sensors and collecting MC measurements. Using Equation (4-4), 

regression coefficients 𝑎=0.8045 and 𝑏=-0.502 were calculated for stainless steel nails, and 

coefficients 𝑎=0.8748 and 𝑏=-0.959 were calculated for the other five fasteners. Both sets 

of coefficients yielded 𝑅2 values > 0.9 and 𝑅𝑀𝑆𝐸 values < 0.85% MC. The next chapter 

discusses the usefulness of these values along with some limitations that may be faced if 

these concepts were implemented in in-situ applications. 
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Chapter  6: Discussion 

From an experimental point of view, this section aims to address the major 

limitations and challenges faced during the experimental testing period. Its purpose is to 

outline these concerns so they are mitigated or avoided in future research of the same 

nature. From a numerical point of view, the section aims to compare calculated grain 

orientation resistance ratios and regression coefficients with values from literature. Finally, 

the overall significance and limitations of these results are discussed, along with the some 

of the considerations needed to be taken with regards to grain direction and fastener type 

when recording MC measurements.  

6.1 Experimental Limitations and Challenges 

First, this section discusses the limitations faced when gravimetric measurements 

were taken during the conditioning period in the climate chamber. Second, a mould growth 

concern that was faced during the conditioning period in the climate chamber is discussed 

along with the effect it had on testing. Finally, the challenges faced as samples at steady-

state were exposed to extreme vapour pressure gradients for long time periods are 

discussed. Additionally, recommendations for mitigating these challenges are outlined. 

6.1.1 Gravimetric Measurements 

During the conditioning period, the process behind taking weekly mass 

measurements involved taking a sample out of the climate chamber, sealing the 

polyethylene bag around it, weighing the sample, returning it to the climate chamber, then 

unsealing the polyethylene bag. Repeating this process for 13 samples every week meant 

that some of the moisture within the climate chamber escaped into the ambient environment 

whenever the chamber’s doors were opened as the moisture always tended to dry outward 
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of the chamber. This slightly affected the masses of the samples that were weighed on a 

weekly basis as small vapour pressure gradients kept being introduced within the chamber. 

Whenever individual samples were weighed, the aim was to minimize the decrease in the 

chamber’s RH to minimize the effect it had on the samples’ MC. During this process, the 

RH in the chamber did not decrease by more than 10% and it typically only required less 

than 1 minute to reach the setpoint again upon closing the doors. This was a necessary 

limitation to the testing as it was not feasible to take real-time mass measurements of the 

samples without removing them from the chamber. To determine how much of an error 

this limitation caused, 10 dummy samples were weighed, returned to the chamber, and then 

weighed again. By recording successive mass measurements of these samples, it was seen 

that the samples did not lose more than 15mg during this brief time-frame. Based on the 

oven-dry mass of the lightest sample, this limitation contributed to a maximum error of 

0.05% MC which did not significantly affect final MC results. 

6.1.2 Mould Growth 

The samples underwent a total of approximately 10 months of conditioning time in 

the climate chamber. By the end of the conditioning period at 𝑅𝐻=92.5%, it was observed 

that mould and sap covered the surface of most pine samples as seen in Figure 6-1. 

Although exposure to high humidity levels was a factor, the main contributor which 

resulted in mould growth and sap generation was the continuous long-term exposure of the 

samples to these high humidity levels in the chamber. As a result, the final intended setpoint 

of 𝑅𝐻=97% was not feasible to collect resistance data for as having mould grow 

continuously in the chamber posed a health risk for researchers that were frequently 

accessing the lab. 
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Figure 6-1: Surface mould growth (left) and wood sap (right) 

Prior to starting the drying process in the forced-convection oven, samples that were 

significantly covered with sap and mould were cleaned with a dry rag and weighed. The 

combined weight of the mould and sap that were removed did not exceed 10 mg for each 

sample and therefore were not considered in the calculations. Based on the oven-dry mass 

of the lightest sample, this limitation contributed to a maximum error of 0.05% MC which 

did not significantly affect final MC results. 

6.1.3 Vapour Pressure Control 

When resistance measurements were being taken at different temperatures for 

samples conditioning at 𝑅𝐻=85%, their exposure to the 𝑇=40°C setpoint made it difficult 

to maintain the ±0.2% mass tolerance criterion. Two factors largely contributed to this 

challenge: 1) the long exposure time the samples faced within the chamber, and 2) the large 

vapour pressure gradient that was introduced in the chamber upon increasing the 

temperature setpoint.  

For the 𝑅𝐻=85%/𝑇=40°C setpoint, it was not feasible to collect resistance 

measurements for samples on all three shelves in one day. This was the case as conditioning 

began around mid-day and the minimum exposure time needed for thermocouple readings 

in the dummy samples to stabilize at ±0.1°C was 4 hours. When the second shelf was 
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brought up to the first position, the samples in the chamber were left to condition overnight 

and the resistances were going to be collected the following morning. At 

𝑅𝐻=85%/𝑇=20°C, the samples had an equilibrium vapour pressure of 1.96 kPa while the 

vapour pressure corresponding to the 𝑅𝐻=85%/𝑇=40°C setpoint was 6.3 kPa. Due to the 

long-term exposure of the samples to this vapour pressure, the samples had lost ~0.25% of 

the equilibrium mass. Samples lost mass (i.e., did not gain) as wood releases moisture into 

the surroundings when temperature increases at a constant RH level and the opposite is 

also true [17]. 

To revert the direction of mass transfer and maintain the ±0.2% mass tolerance 

criterion, the setpoint of the climate chamber was changed to 𝑅𝐻=85%/𝑇=40°C (𝑃v=1.96 

kPa) to remove the vapour pressure gradient. However, doing this resulted in an even larger 

decrease in the samples’ MC where they had lost ~0.5% of their equilibrium mass when 

rechecked the following day. This was the opposite effect of what was intended and was 

later correlated to the fact that the wood’s humidity levels significantly decreased when the 

temperature setpoint was initially increased from 20°C to 40°C. As a result, decreasing the 

RH to 27% at 𝑇=40°C further exacerbated the effect of the wood losing moisture. 

To have the wood samples reacclimatize and reach the initial EMC again, they were 

unsealed from their polyethylene bags and the setpoint of the climate chamber was changed 

back to 𝑅𝐻=85%/𝑇=20°C. The samples were left to condition in the chamber for 4 days 

until the EMC for all samples was reached. The polyethylene bags were resealed and the 

temperature setpoint was changed back to 40°C. This time, upon recording the resistance 

measurements for samples on each shelf, it was ensured that the samples did not condition 

at this temperature for long time-periods. When end of day was reached, the temperature 
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setpoint was switched to 20°C for overnight conditioning. Upon arrival to the lab the 

following morning, the temperature setpoint was switched back to 40°C and resistance 

measurements were taken for the remaining samples when the thermocouple readings 

stabilized at ±0.1°C. This method was also implemented for the samples at 𝑅𝐻=92.5% as 

a deterrent from losing moisture upon testing the 𝑇=30°C and 𝑇=40°C setpoints.  

During future testing of the same nature, as resistance measurements are collected 

at warm temperatures and high RH levels, it is recommended to minimize the samples’ 

exposure time within the climate chamber. By having a sufficient number of channels in 

the DAQ instrumentation for measuring resistance in wood samples, there will be no need 

for switching shelf positions which will minimize exposure time in the chamber. If 

overnight conditioning is required, it is recommended to revert the setpoint as it will 

minimize any vapour pressure gradients during that time period. Implementing these 

techniques will ensure that that the ±0.2% mass tolerance criterion is maintained.  

6.2 Comparative Analysis with Literature 

The purpose of this section is to compare calculated grain orientation resistance 

ratios with values from literature. Some of the limitations observed through doing a 

comparative analysis are highlighted. This section also aims to describe the statistical 

difference between the regression coefficients determined in the dissertation and the 

coefficients from literature for eastern white pine. This is done by examining the goodness-

of-fit of the collected data with respect to the regression coefficients along with their 

associated errors. 
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6.2.1 Grain Orientation Resistance Ratios 

Although it was statistically proven earlier that grain orientation is not important 

for accuracy of MC measurements in eastern white pine, it was worth reviewing other 

works that examined how electricity is conducted in different wood species and how they 

vary with respect to fastener type. Several studies that have quantified the effect of grain 

orientation on MC measurements used electrical conductance rather than electrical 

resistance to evaluate wood’s anisotropy for electrical conductivity. To complete a 

numerical comparison of this study with others, resistance (𝑅) can be yielded from 

conductance (𝐺) by taking the reciprocal, which is done in Table 6-1 using Equation (6-1). 

 𝑅 =
1

𝐺
 (6-1) 

A comparative analysis was done between studies which have examined the impact 

of sensor orientation on resistance/conductance measurements. As mentioned in the 

literature review, some of these studies found that grain orientation had no (or negligible) 

effect on resistance readings (Fernandez-Folfin et al. [23], Forsén & Tarvainen [29], 

Apneseth & Hay [34],  Samuelsson [35]), while other studies disputed this claim and were 

able to quantify ratios of 𝑅T/𝑅L. Table 6-1 shows the differences in findings for these ratios. 

It should be noted that ratios from the studies in Table 6-1 were obtained using different 

experimental testing parameters, and for that reason, the wood species and electrode type 

were identified for each study.  
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Table 6-1: 𝑹𝐓/𝑹𝐋 ratios found in literature 

 This study Wood Handbook 
[9], James [36]  

Dai & Ahmet 
[37] 

Stamm 
[13,38] 

Kuroda & 
Tsutsumi 

[13,39] 

Wood 
species 

Eastern 
white pine 

Wide range of 
species 

Mahogany, 
Hemlock, Sitka 
spruce, Meranti, 

Opepe 

8 unknown 
U.S. 

woodsa 

Cryptomeria 
japonica 

Electrodes 
used 

Stainless 
steel screws 

Not specified Silver-painted 
brass screws 

Unknowna Unknowna 

Ratio 1.325 2.0 1.2 @ 6% MC 
2.0 @20% MC 

2.1 – 3.9 ~3.5 @18%MC 

a Specific parameter inaccessible 

The ratios found in literature are not quite comparable as they all examine different 

wood species using different electrodes. Additionally, most of these studies did not 

examine the impact of these ratios on MC measurements. However, one common result 

found between all the studies is that resistance in the tangential direction is always larger 

than in the longitudinal. As mentioned earlier, this is attributed to the ease of moisture to 

conduct electricity along the fibres of wood rather than across the tightly packed fibres in 

the tangential direction. While this is the case, the significance behind implementing these 

ratios into MC measurements in eastern white pine does not need to be considered. That 

said, more research involving more variations of wood species and fasteners is 

recommended as grain orientation may have an impact on MC measurement accuracy 

using a specific combination of species and fastener type at different moisture levels. It is 

recommended for the research to implement statistical analyses to determine the statistical 

significance between data in different grain directions as none of the studies found during 

the literature review process showed this. 
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6.2.2 Regression Error Analysis 

Goodness-of-fit parameters were calculated for this study’s data using the 

regression coefficients developed for eastern white pine by Pfaff & Garrahan (𝑎=0.821, 

𝑏=0.556) [28]. The parameters calculated using the stainless steel data and the five 

combined fasteners will be referred to as “Case C” and “Case D”, respectively. To recall, 

“Case A” and “Case B” represented the optimized coefficients for the stainless steel data 

and the 5 combined fasteners, respectively. Comparative analyses between “Case A / Case 

C” and “Case B / Case D” are shown in Table 6-2 and Table 6-3, respectively. 

Table 6-2: Comparative analysis of “Case A” and “Case C” (stainless steel nail) 

Fastener type 𝒂 𝒃 𝑹𝟐 𝑹𝑴𝑺𝑬 

Case A 0.8045 -0.502 0.9172 0.7899 

Case C 0.8210 0.556 0.5673 1.8060 

Table 6-3: Comparative analysis of “Case B” and “Case D” (5 other fasteners) 

Fastener type 𝒂 𝒃 𝑹𝟐 𝑹𝑴𝑺𝑬 

Case B 0.8748 -0.959 0.9003 0.8470 

Case D 0.8210 0.556 0.8177 1.1454 

Table 6-2 demonstrates a poor correlation for “Case C” using the stainless steel nail 

data with a 𝑅2 value of 0.5673. Using the same regression coefficients, “Case D” in Table 

6-3 demonstrates an acceptable 𝑅2 value of 0.8177 using the data combined from five 

fasteners. The difference in 𝑅2 values proves that the regression coefficients published by 

Pfaff & Garrahan for eastern white pine (𝑎=0.821, 𝑏=0.556) are not suitable for the use for 

all electrode types when assessing MC. Additionally, the RMSE for “Case C” is 

approximately twice the quantity of the RMSE for “Case A”, showing that there indeed 

was a need for unique coefficients for stainless steel nails and other fasteners similar in 

geometry. The RMSE for “Case D” is ~0.3 %MC larger in comparison to the RMSE of the 
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optimized coefficients for “Case B”. Optimizing the coefficients for the five combined 

fasteners improved the overall 𝑅𝑀𝑆𝐸 by 26%. It is not a major difference when looking at 

the overall hygroscopic range of wood, but nonetheless, it is still an improvement. 

It should be noted that regression coefficients for this particular model are not 

proportional to the degree in which MC gets influenced. The coefficients vary solely to 

minimize the sum of residuals of the data with respect to the model. For example, having 

a “negative term” in one of the coefficients does not imply that the model will significantly 

be influenced. All this does is that it aims to improve the overall fit of the model. 

Essentially, regression coefficients cannot be compared as they do not carry equivalent 

“weight”; therefore, goodness-of-fit parameters such as 𝑅2 and 𝑅𝑀𝑆𝐸 are compared 

instead. 

6.3 Significance and Limitations of Results 

Eastern white pine was originally chosen as the test material for this experiment as 

it provided consistent resistance measurements. Readings taken from common building 

materials in North America (e.g., SPF, OSB, plywood) would have contributed to larger 

uncertainties due to several factors (e.g., engineered wood, variation in species, etc.). As 

part of a larger effort, one of the objectives in this dissertation was to establish proper 

experimental and statistical methodologies for collecting and analyzing MC measurements 

in eastern white pine. The measurements collected for eastern white pine can be treated as 

calibration data for in-situ MC measurements. It should be noted that MC measurements 

are not typically taken for eastern white pine as this material is mainly used for indoor 

applications (e.g., interior finishes, furniture, etc.). However, if calibration data is collected 

for common building materials using the same methodology implemented in this 
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dissertation, in-situ MC measurements can be collected. The consistency shown in the data 

demonstrates that this methodology can be used in future testing of the same nature when 

examining different wood-based building materials. 

Currently, the equation developed by Pfaff and Garrahan for various wood species 

is the most favored for taking long-term in-situ MC measurements. One example of a 

commercially available MC sensor that uses this equation is the Point Measurement 

Moisture Sensor developed by Structure Monitoring Technology [63]. Based on the results 

found in this dissertation, a generalized equation should not be used without considering 

the fastener type and that unique equations (or regression coefficients) should be 

implemented. This will contribute to equations with a higher degree of accuracy upon 

implementing this methodology to other building materials. 

That being said, there are two limitations with this methodology that are associated 

with in-situ measurements. The first being that the fasteners used in this experiment were 

not physically insulated. Due to the presence of moisture gradients in building envelopes, 

the depth where fasteners are probed should be taken into consideration. By inserting 

fasteners that are insulated at every point except for the tip, a localized MC measurement 

is taken at the depth in question. To recall, this was not considered during testing as 

moisture gradients were not present. The second shortcoming is associated with the contact 

pressure when MC sensors are installed on-site. The methodology implemented in the 

dissertation involved pre-drilling holes to reduce crack formation. The magnitudes of the 

resistance measurements are largely dictated by the contact pressure the fasteners make 

with the wood. Therefore, to use the calibration data developed in this dissertation, the 
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same contact pressures on-site must be implemented when installing fasteners. Having 

higher contact pressures will result in lower resistance readings and the opposite is true. 

6.4 Moisture Content Measurement Considerations 

Regarding ratios that govern electrical resistance in the tangential grain direction 

with respect to the longitudinal direction, an observation is made that the #8 zinc-plated 

screws and stainless steel nails share a mean ratio of 1.17, the aluminum roofing nails and 

#6 brass wood screws share a mean ratio of 1.24, and the #10 stainless steel screws and #4 

zinc-plated steel screws share a mean ratio of 1.3. These values vary based on contact 

pressures exerted by each fastener type on to the wood, which are further governed by 

fastener geometry (i.e., diameter, tip type, and number of threads per unit length, etc.). 

However, regardless of the magnitude of these ratios, it was statistically proven that grain 

direction does not significantly impact resistance measurements. Therefore, readings taken 

via MC sensors installed in eastern white pine can, in theory, be used to measure in-situ 

MC using a generalized empirical equation without the need to consider grain orientation. 

Regarding fastener type, it was statistically proven that stainless steel nails output 

significantly larger resistances in comparison to the other fasteners. This is due to the low 

surface contact area the finishing nails make with the wood when installed. As a result, it 

is recommended that a unique empirical equation for measuring MC be implemented when 

fasteners similar in geometry to the 2.1 mm stainless steel nails are installed. A separate 

and more generalized equation should be used for fasteners similar in geometry to the 

remaining fasteners. There are several possible consequences for not following these 

guidelines and procedures.  
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First, by using Equation (4-4), it is estimated that the 𝑅𝑀𝑆𝐸 values of both 

empirical equations increase by 46% if the regression coefficients for “Case A” and “Case 

B” are switched. Essentially, the model become less accurate upon the use of regression 

coefficients designated for a different fastener type.  

Second, if 2.1 mm stainless steel nails are chosen as the fastener type for an MC 

sensor installed in-situ, the true MC within the wood will be underestimated if the model 

for “Case B” is used instead of “Case A”. Using Equation (4-4), the degree by which the 

MC is underestimated becomes larger near higher MCs and lower temperatures where a 

deviation of 1.2% MC near the highest tested MC (20%) is observed. If extrapolated to 

higher MC ranges at the lowest tested temperature, deviations in readings can reach up to 

2% MC as the FSP in wood is approached. At lower MCs (~13% MC) and higher 

temperatures, the opposite is true where very minimal and insignificant deviations occur 

(± 0.2% MC). As shown in Figure 6-2, these deviations increase at lower temperatures and 

higher moisture levels, and vice versa. These trends also agree with work done by Forsén 

& Tarvainen where they determined that the tip of different insulated electrodes had the 

strongest effect on resistance values and that the electrodes with the longest and sharpest 

tips differed the most [29]. Considering Canada’s cold climate, it is important to take 

necessary precautions to avoid underestimating MC with the use of these sensors and avoid 

risking these large reading errors at lower temperatures.   
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Figure 6-2: Effect of electrode type on resistance measurements at different temperatures 

Continuous and prolonged exposure to wet or humid environments may cause 

infestations such as mould and decay fungi within wood. By using an empirical equation 

with incompatible regression coefficients to measure and underestimate MC, failure to 

detect critical MC levels early-on is risky. Therefore, the time period where action is taken 

to resolve the problem and dry the wood (and possibly other building components too) is 

delayed. This becomes more problematic when higher MCs are reached within the wood 

members. This is the case as the error (or deviation) is largest near the fiber saturation point 

where decay fungi are more prominent to grow [7]. When this happens, decay fungi can 

cause structural failure due to the effect it has on wood at high moisture levels [64]. 

Additionally, mould growth is associated with serious health concerns as mold spores 

travelling through the air can cause asthma, allergic reactions and other respiratory 

problems [65,66]. 
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Based on the above-mentioned factors, it is important to consider the type of 

electrode with the use of the MC sensor and select the appropriate regression coefficients 

to go along with the empirical equation. Simultaneously, the impact of grain direction on 

resistance measurements does not need to be considered. 

6.5 Summary 

The purpose of this chapter was to identify some of the major challenges and 

limitations faced during the experimental test period. Limitations that involved mould 

growth and losing some moisture during weekly weighings contributed to a combined 

maximum error of 0.1% oven-dry MC which did not significantly affect final MC results. 

A vapour gradient concern was addressed and recommendations for mitigating this 

challenge for future testing were provided. Comparing calculated regression coefficients 

with values from literature showed that one set of coefficients cannot represent every 

fastener type implemented in MC sensors, and that fasteners similar in geometry to 2.1mm 

stainless steel nails require a unique equation (or coefficients) due to the large difference 

in resistance readings. With regards to real-life applications, it was discussed that the 

implemented methodology is useful for collecting calibration resistance data for more 

wood species using more fasteners. However, the methodology has some shortcomings, 

such as lack of insulation on fasteners, that can potentially hinder in-situ applications. 

Finally, the importance of considering fastener type when taking MC measurements were 

examined. It was discussed that MC can be underestimated by up to 2% MC if incompatible 

regression coefficients are used. Failure to detect critical MC levels early-on due to this 

can lead to serious consequences such as structural failure and/or occupant health concerns. 

The next chapter will present concluding remarks and address future works.  
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Chapter  7: Conclusions and Future Work 

This chapter concludes the study that was completed in this dissertation by 

summarizing major key findings and research objectives that were identified in Chapter 1. 

The chapter also provides a summary of the key limitations of this study and proposes 

recommendations for future work. 

7.1 Conclusions 

As part of an ongoing project at Carleton University Centre for Advanced Building 

Envelope Research, the work completed in this dissertation will contribute to the 

development of low-cost, long-term, and accurate sensors for measuring MC in common 

wood building components. This study involved experimentally examining the relationship 

between MC and electrical resistance using self-built sensors while taking certain factors 

that affect electrical conductivity in wood into account. The factors of interest in this study 

were sensor orientation (installation along vs. across grain of wood) and electrode type. 

The experiment involved inserting 6 different fastener types (stainless steel screws, #8 zinc 

screws, #4 zinc screws, stainless steel nails, roofing nails and brass screws) along the grain 

and across the grain of wood into 126 samples of eastern white pine. Multiple MC and 

resistance measurements were collected at different RH levels and temperatures to account 

for a significant portion of wood’s hygroscopic range. 

Three major challenges and limitations were faced during the experimental testing 

period in this study. Long-term exposure of wood samples to high RH levels resulted in 

surface mould growth. However, removal of mould prior to oven-drying the samples only 

contributed to an error of 0.05% and did not significantly affect final MC results. A possible 

solution to this challenge is proposed in the future work section. Another concern faced 
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was the vapour pressure gradient samples were exposed to for a relatively long-time period 

when the chamber setpoint was changed to 𝑅𝐻=85%/𝑇=40°C. This caused the samples to 

lose moisture beyond the 0.2% maintenance criterion. A solution for mitigating this 

problem was proposed which involved having more channels in the data acquisition system 

to minimize exposure time in the climate chamber. With regards to in-situ applications, a 

shortcoming was identified where the fasteners used in this study had a lack of insulation. 

This would prevent identifying moisture gradients in building components undergoing 

transient climate conditions.  

The primary aim of this study focused on quantifying the degree by which wood is 

more conductive along the grain of wood than across the grain. After which, the impact of 

taking sensor orientation into consideration when measuring MC was determined 

statistically by performing a series of t-tests and multivariate regression analyses. It was 

verified that the longitudinal grain direction is more conductive than in the tangential 

direction; however, this difference in conductance was dictated by the type of fastener 

installed. 𝑅T/𝑅L ratios that are independent of MC and temperature were calculated for 

each fastener type and the range varied from 1.17 to 1.3 depending on fastener type. 

However, when the means of each data subset were compared in both directions using t-

tests, the yielded significance levels were greater than 0.05, concluding that grain direction 

does not significantly impact MC measurements statistically. The high-level gap associated 

with this objective was that there was a lack of studies that examined the impact of grain 

direction on MC measurements using the resistance method. Therefore, this study helped 

in examining this topic and filled a research gap. 
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The secondary aim of this study focused on assessing the impact of electrode type 

on MC measurements and whether it should be taken into consideration. Through 

performing more t-tests and regression analyses, it was determined that measurements 

recorded using 2.1mm stainless nails are significantly different from the remaining 

fasteners. This is attributed to the small diameter and lack of threading which translated to 

lower conductance (i.e., larger resistance measurements).  

Using Pfaff and Garrahan’s MC equation, regression coefficients of 𝑎=0.8045 and 

𝑏=-0.502 were calculated along with an RMSE of 0.79% MC for stainless steel nails. By 

using the coefficients developed by Pfaff and Garrahan (𝑎=0.821 and 𝑏=0.556), an 𝑅𝑀𝑆𝐸 

of 1.80% MC was calculated, showing that the unique coefficients found in this study are 

more accurate. For MC sensors that use the resistance method, 𝑎=0.8045 and 𝑏=-0.502 

should be used when fasteners similar in geometry to the 2.1mm stainless steel nails are 

implemented. For the remaining fasteners, regression coefficients of 𝑎=0.8748 and 

𝑏=0.959 were calculated along with an 𝑅𝑀𝑆𝐸 of 0.85%. Similarly, by using Pfaff and 

Garrahan’s coefficients, a larger 𝑅𝑀𝑆𝐸 of 1.15% was calculated.  

Implementing coefficients for an incompatible selection of fasteners can result in 

underestimating the MC in-situ by as much as 2% MC as the FSP in wood is approached 

at low temperatures. Taking this into consideration is important for cold climates such as 

Canada’s. On the other hand, very minimal and insignificant deviations occur (± 0.2% MC) 

near the lower MC range (~13% MC) at higher temperatures. From a high-level point of 

view, underestimating MC can lead to a failure of detecting critical MC levels early-on 

which can lead to serious consequences such as structural failure and/or occupant health 

concerns. The high-level gap associated with this objective was that there was a lack of 
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studies that examined the impact of electrode type on MC measurements using the 

resistance method. Therefore, this study helped in examining this topic and filled an 

additional research gap.  

In summary, the research objectives outlined in Chapter 1 were met. This was done 

by developing and documenting a detailed methodology that accounted for potential 

experimental limitations faced during testing – this methodology can be referenced in 

future testing of the same nature. Additionally, two research aims were addressed 

statistically by performing a series of t-tests and determining significance levels (p-values) 

when large datasets were compared. Assessing these research aims concluded that grain 

orientation does not need to be considered (p>0.05) when assessing MC in eastern white 

pine, while electrode type should be considered (p<0.05) when fasteners of high vs. low 

contact surface areas are compared. Finally, by performing multivariate regression 

analyses using Pfaff and Garrahan’s empirical equation, unique and general sets of 

regression coefficients were calculated for 2.1mm stainless nails and the 5 other fasteners, 

respectively. Doing this maximized 𝑅2 and minimized 𝑅𝑀𝑆𝐸 in comparison to standard 

regression coefficients found in literature for eastern white pine which improved overall 

equation accuracy.  

7.2 Future Work 

This study was the first phase in a multi-year project for the development of low-

cost, long-term, and accurate MC sensors. Following the research topics examined in this 

dissertation, it would be beneficial to investigate the relationship of electrical resistance 

between the longitudinal and tangential directions. One way to examine this relationship is 

to implement the same methodology as in this dissertation and measure the resistance in a 
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third direction (±45° relative to the grain), providing further insight on electrical 

conductivity anisotropy in wood. This work should also be extended to the radial grain 

direction in lumber. 

The work completed in this study is currently being used as a steppingstone to 

perform additional testing to develop MC and resistance calibration data for commonly 

used wood or wood-based building materials in the North American market. The materials 

of interest that are currently being tested are SPF lumber, which is used for framing 

residential housing, and OSB and plywood, which are used for installation of subfloors, 

wall sheathings and roofs in residential housing. 

Due to time constraints and mould growth challenges associated with the wood 

samples, data was collected at only 3 RH levels. For future testing, it is recommended to 

have MC and resistance data collected from more RH levels to widen the hygroscopic 

range. The RH levels that were tested in this study were 73.3%, 85% and 92.5%. In addition 

to these three, RH levels such as 30%, 50% and 95% that are outside of the range examined 

in this study should be tested. However, mould growth will most likely become a challenge 

if the wood samples are exposed different RH levels for long-time periods. Therefore, it is 

recommended that new samples are tested at each RH level by compromising on the total 

sample size. In other words, once measurements are collected at the one RH level, new 

samples would replace the old ones and begin conditioning at the following RH level. This 

technique would mitigate any mould growth or potential decay problems. 

Finally, implementing the results from this study into a transient setting would 

prove to be beneficial. By installing fasteners and thermocouples into a wall assembly that 

is in-situ or built in a lab, the data that was collected in this study in a steady-state setting 
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can be implemented in a transient setting where moisture gradients exist due to changing 

temperatures and RH levels. This would ultimately verify if these self-built sensors can be 

used in-situ to measure MC and detect early moisture-related failures.  
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Appendices 

Appendix A  - NI LabVIEW VI Block Diagram 

Electrical resistance measurements were collected using the LabVIEW VI shown in Figure A-1. The VI operated by reading resistance 

measurements (real-time) at consecutive channels in the DAQ which followed by updating a MS Excel spreadsheet every 3 minutes. 

 
Figure A-1: NI LabVIEW VI Block Diagram
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Appendix B  - Moisture content vs. resistance plots for each electrode examined  

The relationship between MC and electrical resistances at different temperatures is shown 

in Figure B-1 through Figure B-5, where each figure represents a different tested electrode. 

These figures are similar to Figure 5-1 where the MC-Resistance trends for stainless steel 

screws are shown. In order, the figures shown in Appendix B represent MC-Resistance 

curves for #8 zinc screws, #4 zinc screws, stainless steel nails, roofing nails and brass 

screws. 
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Figure B-1: Moisture content vs. resistance data along and across the grain at different temperatures 
(#8 zinc-plated screw electrodes) 
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Figure B-2: Moisture content vs. resistance data along and across the grain at different temperatures 
(#4 zinc-plated screw electrodes) 
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Figure B-3: Moisture content vs. resistance data along and across the grain at different temperatures 
(2.1mm stainless steel nail electrodes) 
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Figure B-4: Moisture content vs. resistance data along and across the grain at different temperatures 
(3.5mm roofing nail electrodes) 
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Figure B-5: Moisture content vs. resistance data along and across the grain at different temperatures 
(#6 brass screw electrodes) 
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Appendix C  - Resistance data distributions  

The data distributions before and after transforming the resistance data sets are shown in 

conjunction with their respective bell curves in Figure C-1 and Figure C-2. The purpose of 

showing these plots was to show how the datasets conform to normal distribution patterns 

after applying the log transformations. 
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Fastener type Along grain Across grain 

Stainless steel 

screw 

  

#8 zinc-plated 

screw 

  

#4 zinc-plated 

screw 

  

Stainless steel 

nail 

  

Roofing nail 

  

Brass screw 

  
Figure C-1: Resistance distributions pre-log transformation for all fasteners in both grain directions 
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Fastener type Along grain Across grain 

Stainless steel 

screw 

  

#8 zinc-plated 

screw 

  

#4 zinc-plated 

screw 

  

Stainless steel 

nail 

  

Roofing nail 

  

Brass screw 

  
Figure C-2: Resistance distributions post-log transformation for all fasteners in both grain directions 


