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ABSTRACT 

Bridges with timber decks are widely used for low-traffic volume areas in New Brunswick, 

Canada, because of multiple advantages over conventional cast-in-place concrete decks.  

However, the NLT decks in New Brunswick are required to be replaced every 10-15 years, 

which is a very costly exercise.  This calls for a new type of timber bridge deck system 

with a service life of more than 15 years.  The overall objective of this study was to 

understand the change in moisture content (MC) of local bridge decks made of nail-

laminated timber (NLT), and to develop an improved fastening design for fabricating NLT 

decks that could provide better structural performance and longer service life.   

 

It was found that the MC values varied from 9.9% to 18.2% and 12.8% to 19.7% for Clark 

Mill Pond over 239 days and for Shikatehawk No.5 over 189 days, respectively.  The MC 

values of timber bridge decks measured during the monitoring period were less than 20%, 

suggesting that the NLT bridge decks would likely not be prone to rotting caused by biotic 

attack.  The connection tests showed that the connections containing galvanized 80d spiral 

nails inserted perpendicular to the loading direction and zinc coat partially threaded screws 

inserted at 45-degree to the loading direction had relatively large stiffness and load capacity 

values among the nine groups tested, which are recommended for fabricating NLT decks. 
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1 Introduction  

1.1 Background and Problem Statement 

Bridges with timber decks are widely used for low-traffic volume areas in New Brunswick, 

Canada, because of multiple advantages over conventional cast-in-place concrete decks.  

These advantages of timber decks include shorter construction time period, higher 

prefabrication degree, lower cost, lower equipment requirement due to lower dead weight 

of structural components as compared to steel or concrete elements, and environmentally 

friendly utilization of readily available natural source (Ontario Highway Engineering 

Division, 1983).  There are four most commonly used timber bridge decks (Wacker and 

Smith, 2001), which are Timber Plank, Nail-Laminated Timber (NLT) deck (fastened 

laminations together with nails), Glue-Laminated Timber (GLT) deck (glue laminations 

together) and Stress-Laminated Timber (SLT) deck (usually stressed laminations together 

with steel rod).  NLT involves longitudinal NLT (dimension lumber running parallel to the 

direction of travel), and transverse NLT (dimension lumber running perpendicular to the 

direction of travel).  The most common type of timber deck in existing bridges is the 

transverse NLT (Taylor and Keenan, 1992), which refers to the timber deck with 

laminations nailed together perpendicularly to the direction of the traffic flow. 

 

Timber bridge decks are in great demand in New Brunswick.  According to reports released 

by the Department of Transportation and Infrastructure (DTI), the Province of New 

Brunswick, Canada, there are 32 types of different bridge substructures supporting more 

than 700 bridges with timber decks in the province (MacDonald, 2017).  The timber bridge 
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decks currently used in New Brunswick are mainly made of NLT.  The design of NLT 

decks in New Brunswick largely follows the standards “Ontario Highway Bridge Design 

Code (OHBDC)” (Ontario Highway Engineering Division, 1983) and CSA S6 “Canadian 

Highway Bridge Design Code” (CSA, 2014).  The fasteners used follow the standard CSA 

B111 “Wire nails, Spikes and Staples” (CSA, 2003), and the sawn lumber species follows 

the standard CSA O141 “Softwood Lumber” (CSA, 2014).  However, in both OHBDC and 

CSA S6, NLT is described as an empirical product, i.e., the relevant information is very 

limited, even in the standard level for the design of NLT.  For example, the NLT design 

method adopted by NBDTI is described as follows:  

 

“Lumber in size 2x7 (38mm thick and 160mm wide); fastening each lamination to the 

preceding one at interval not exceeding 250mm; driving nails alternately near the top and 

bottom edge; at least one nail placed within 100mm to 125mm from the end of each 

lamination; and the nails being long enough to pass through two laminates and at least 

halfway through the third.” 

 

Based on NBDTI’s experience, with its current nailing method and maintenance procedure, 

the NLT decks are required to be replaced every 10-15 years, which is a very costly 

exercise.  This calls for a new type of timber bridge deck system with a service life of more 

than 15 years. 
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1.2 Scope of Study and Objectives 

In order to better take advantage of NLT system, a project was initiated to master the 

understanding of current NLT deck design and to investigate a more durable type of 

mechanical laminated timber decks.  It can be reached with three steps.  The first step was 

focused on the monitoring of moisture content of NLT deck, since long term moisture 

content variations would affect the physical and mechanical properties of timber bridge 

decks, thus shorten its service life span.  The second step was aimed to study the 

contributions of various fasteners and fastening techniques to the structural performance 

of NLT deck, i.e. stiffness and load capacity.  The last step was to evaluate the life span of 

NLT bridge decks via conducting the fatigue tests by simulating dynamic traffic load on 

full-scale NLT bridge deck systems.  Through this step, the service life span of the bridge 

decks could be predicted.  The efforts of this study were given to the first and second steps. 

The last step will be conducted by another team member, and will be reported elsewhere.  

 

The overall objective of this study was to understand the change in moisture content (MC) 

of local bridge decks made of nail-laminated timber (NLT), and to develop an improved 

fastening design for fabricating NLT decks that could provide better structural performance 

and therefore longer service life.   
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1.3 Organization of the Thesis 

The material presented in this thesis was organized into six chapters.   

 

Chapter 1 states the project background and how the problem arises.   

 

Chapter 2 gives a general introduction to Nail-Laminated Timber (NLT), reviews literature 

for NLT bridge deck failure analysis, for long-term moisture content monitoring system 

developing and for mechanical performance of screws in screw-laminated timber bridge 

decks. 

 

Chapter 3 presents the long-term moisture content monitoring system developed for this 

study.  The system was installed in the NLT decks of two newly-built bridges (Clark Mill 

Pond and Shikatehawk No.5) in New Brunswick for two years, and recorded the MC on an 

hourly basis using devices adopting Electrical Resistance (ER) method.  Meanwhile, the 

MC calibration was conducted using preservative-treated spruce-pine-fir (SPF) lumber and 

saturated salt solutions in the laboratory with the aim of converting ER values recorded in 

10*lgMOhm to MC in percentage by developing empirical models to make sure two 

bridges were under monitoring in an efficient way.   

 

Chapter 4 aims at evaluating the joint behavior for the purpose of developing a more 

suitable type of mechanically laminated timber bridge decks that could obtain higher 

stiffness without decreasing the load capacity, and this could be reached in terms of 

developing improved fastener design(s) by considering the parameters such as fastener 
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types, fastener dimensions, and fastening designs.   Theoretical prediction with Johansen’s 

Theory was made for five different types of fasteners including two types of nails, namely 

galvanized spiral nails 60d and 80d, and three types of screws, namely zinc coat partially 

threated self-tapping screw, zinc coat fully threated self-tapping screw and stainless-steel 

partially threated self-tapping screw.  Then double-shear connection tests were designed 

and conducted via a universal electromechanical testing machine with reference to ASTM 

Standard.  The stiffness and load capacity of each fastener design were calculated and 

analyzed.  Johansen-Predicted values and experimental values were compared. 

 

Last but not least, Chapter 5 summarizes the conclusions and recommendations derived 

from this study. 
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2 Literature Review 

2.1 Nail-Laminated Timber (NLT) 

Nail-Laminated Timber (NLT) was introduced to the market as massive timber structural 

material since early 19th century (Hong, 2017).  Compared to other massive timber 

structural, the fabrication of NLT does not require unique manufacturing facility and the 

lumber material can be localized.  In North America, most bridge decks from the 1920s 

through the mid-1960s were made of transverse NLT panels with the exception of few 

longitudinal NLT panels (Hong, 2017).   

 

NLT is created by fastening pieces of dimensional lumber, stacked on edge, into one 

structural element with nails.  It consists lumber usually in size of 4 to 12 in width and 2 in 

thickness, nailed together on their wide faces (Hong, 2017).  Example of a typical NLT 

was shown in Figure 2.1.  In Canada, the design of NLT is specified in standards like 

“Ontario Highway Bridge Design Code (OHBDC)” (Ontario Highway Engineering 

Division, 1983), CSA S6 “Canadian Highway Bridge Design Code” (CSA, 2014), and 

CSA O86 “Engineering Design in Wood” (CSA, 2014).   
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Figure 2.1 Configuration of NLT (Werner, 1997) 
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2.2 Failure Analysis of NLT Bridge Decks 

The demand for an innovative type of timber bridge decks with prolonged service life has 

raised questions regarding how NLT bridge decks deteriorates and fails.  Wood 

deterioration is a critical factor governing the service life of a timber bridge deck system.  

There are two primary causes, which are biotic (living) agents and physical (non-living) 

agents.  Biotic agents, which might involve bacteria, fungi, mold, and insect.  Required 

factors involve moisture, available oxygen, favored temperature, and food.  Wood could 

be safe from biotic attack without any one of these factors.  Physical agents include 

mechanical abrasion or impact, ultraviolet light, metal corrosion, and strong acid. These 

physical agents could damage the pavement layer as well as the preservative on wood, 

thereby exposing the wood part to biotic attack (Ritter 2005).   

 

Failure modes can be simply classified into following three factors: decay, gaps (between 

laminations), and deformation. The reasons for these failure modes could be mainly 

attributed to moisture and traffic load, see Figure 2.2.  
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Figure 2.2 Analysis on NLT deterioration 
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Moisture content variance would cause decay on timber bridge decks.  Rot in wood appears 

when moisture content exceeds 20% over an extended period of time (FPL, 2010; Shupe, 

2008), which refers to a considerably decrease in strength of the wood structure, followed 

by wood decay.  Besides, moisture content variance would introduce gaps formed between 

timber bridge deck laminations.  Since the moisture content in wood vibrates while 

environmental factors (humidity, temperature, etc.) change, the moisture content gradient 

would introduce tensile force into the deck laminations and then the force caused by 

shrinkage and swelling would produce a tendency of gaps forming between the bridge deck 

laminations (Correia, 2013).  Additionally, the compressive strength of lumber in the 

parallel-to-grain direction shows a linear decline between 5% moisture content to about 

22% moisture content (FPL, 2010), that is to say, a relatively high moisture content would 

place NLT system into a poor mechanical condition. 

 

Traffic dynamic load would cause deformation in an NLT bridge deck system.  Traffic 

dynamic load would lead to an overall deformation of the NLT bridge deck when deck slab 

functioned as a whole structure, which provokes a high potential for gaps appear on the 

bottom face of the deck (Crew, 2000), Figure 2.3 (a).  Traffic dynamic load would also 

cause the gaps formed between the laminations.  Transverse shear induced by traffic 

dynamic load would produce a tendency for laminations to vertically slip one another 

(Crews, 2000), as shown in Figure 2.3 (b).  The deformation of decks and gaps forming 

between the laminations would further affect the performance of the upper structure, e.g., 

pavement layer, with an example showed in Figure 2.4.  Such inefficiency of 

interconnection between deck laminations tends to cause reflective cracking above the 
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lamination joints, which allows water soaks in and therefore weaken the whole system 

(Button, 2003).  

 

The above discussion of NLT bridge decks failure analysis indicates that a new type of 

mechanically laminated timber bridge deck is needed with the moisture content variance 

of the bridge lumber being controlled, vertical slip and separation tendency between 

laminations being reduced, and deck deformation being minimized. 
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(a) 

 

(b) 

Figure 2.3 Overall deformation and tendency for gaps forming (a) and vertical slip (b) 

under traffic load (Crew, 2000) 
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Figure 2.4 Consecutive reaction after NLT deterioration 
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2.3 Long-term Moisture Content Monitoring System 

2.3.1 Measurement of Moisture Content of Wood 

Variance in wood moisture content leads to variances of physical and mechanical 

properties of wood, e.g. strength properties.  In such case, long-term moisture content 

monitoring plays an important role in understanding of lumber reaction that corresponding 

to uncontrollable environmental factors as well as in documenting the durability property 

of the bridge decks.  Two general approaches can be distinguished to determine the 

moisture content of wood.  One is the direct measurement that is to detect moisture content 

by destructive methods, for instant, the oven-drying method.  The other is the indirect 

measurement that is to use physical properties of wood, such as electrical resistance, to 

detect the moisture content (Dietsch, 2015).  Figure 2.5 overviews these two available 

approaches. 
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Figure 2.5 Methods for determining moisture content of wood (Modified from Dietsch, 

2015) 
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The electrical resistance method is one of the frequently applicable concepts for monitoring 

moisture content of wood (Brischke, 2008; Dietsch, 2015; Forsén, 2000; Franke, 2013; 

Franke, 2015; Kramer, 2006; Tannert, 2010; Wacker, 2007).  This method allows the 

moisture content of wood to be measured using electrical resistance and subsequently 

converted into a moisture content value.  The technique is based on the principle of the 

wood resistivity decreases with increasing moisture content (Stamm, 1927).  Skaar (1988) 

found that the relationship between electrical resistance and moisture content is different 

in different ranges of moisture content.  From dry wood to 7% moisture content the 

reduction in electrical resistance is about five times for an increase in moisture content of 

1%, while from 7% moisture content to fiber saturation the reduction in electrical resistance 

is about two to four times for an increase in moisture content of 1%.  Above the fiber 

saturation point, the accuracy decreases considerably (Dietsch, 2015).  Apart from moisture 

content, temperature is another factor that affects the electrical resistance (Fredriksson, 

2010), which decreases with increasing temperature (Stamm, 1927).  Figure 2.6 indicates 

the relationship between electrical resistance and moisture content for pine (Pinus 

sylvestris) at various temperatures.  Apart from the moisture content, other factors such as 

wood species and wood density also could affect the electrical resistance of wood 

(Fredriksson, 2010).  
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Figure 2.6 Relationship curve for electrical resistance and moisture content (From 

Forsén, 2000) 

 

  



 

19 

 

To measure the electrical resistance, a simple direct current (DC) circuit can be used by 

established two electrodes (pins or probes) that are inserted into wood.  Also, the electrodes 

can be Teflon-insulated to measure moisture content at clearly defined depths.  In addition 

to commercial electrodes, self-made electrodes are found to be used.  Franke (2013) 

adopted self-made chrome steel screws with insulated shanks as electrodes in a long term 

moisture content monitoring program involved four timber road bridges mainly made with 

spruce glulam in Switzerland.  McClung (2014) employed ceramic-coated stainless steel 

nails as electrodes to monitor the hydrothermal behavior of CLT panel made with five 

wood species, i.e. Norway spruce (Picea abies), black spruce (Picea mariana) from 

Quebec, black spruce (Picea mariana) from Eastern Canada, Lodgepole pine (Pinus 

contorta) and hemlock (Tsuga heterophylla).  In practice, the orientation of a pair of 

electrodes runs in the perpendicular-to-grain direction of wood as known for the use of 

common moisture meters.  It was claimed that the distance between two electrodes was 

recommended to be about 25mm (1’’), although the exact distance between pins did not 

have a significant effect on the results within the distance range between 20 and 60mm 

(Dietsch, 2015), which agreed with the results from Forsén (2000).  To avoid interference 

between different measuring points, each pair of electrodes should feature a sufficient 

distance of minimum 150mm to the neighboring pair (Dietsch, 2015). 

 

To convert the electrical resistance value to moisture content reading, many researchers 

made their great efforts to develop equations. Straube (2002) developed an equation for 

converting the electrical resistance of wood to a Delmhorst meter reading for Douglas-fir 

(Pseudotsuga menziesii) with an average error of ±0.5% moisture content below 30% 
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moisture content, with the formulae listed in Equation 2.1.  Garrahan (1988) developed an 

equation to correct the moisture content for North American species and temperature, see 

Equation 2.2.  The combination of these two equations has been used by several researchers 

for moisture content calculation.  However, limitation exists since it is not sure if those 

equations can be applied on preservative wood or not.  Hence, it will be more precise to 

build up exclusive equations in each case via laboratory calibration. 

 

𝐿𝑜𝑔10(𝑀𝐶𝑢) = 2.99 − 2.113 (𝑙𝑜𝑔10(𝑙𝑜𝑔10(𝑅𝑤)))        Equation 2.1 

 

Where MCu is the moisture content of Douglas-fir, % and Rw is the electrical resistance, 

Ω. 

 

𝑀𝐶𝑐 = [
𝑀𝐶𝑢+0.567−0.026𝑡+0.000051𝑡2

0.881(1.0056)𝑡
− 𝑏] + 𝑎            Equation 2.2 

 

Where MCc is the corrected moisture content, %; MCu is the uncorrected moisture content, 

%; t is the temperature at the location of the MC reading, ℃; a and b are constant correction 

factors for different species (for instance for black spruce, a = 0.820, b = -0.378). 
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2.3.2 Moisture Content Monitoring System 

A number of studies, which were related to the moisture content monitoring system for 

wood products, were conducted in order to obtain knowledge wood characteristics in terms 

of long-term performance.  A timber bridges monitoring project with four timber bridges 

involved were conducted over a period of 25 months by Franke (2013).  The moisture 

content data showed a large disagreement with equilibrium moisture content calculated 

through temperature and relative humidity, which indicated that it was not reliable to 

directly use the calculated equilibrium moisture content.  Another timber bridge monitoring 

project was conducted by Norwegian Institute for Wood Technology (Dyken and Kepp, 

2010), suggesting such a disagreement as well, i.e. wood moisture content should never be 

assumed based on a given ambient condition.  The results from Franke (2013) showed the 

moisture content measured never exceeded 20%, and a 3% difference between the 200mm 

depth inner moisture content and surface moisture content was observed, which could 

result in internal moisture induced stresses.  In a long-term wood structure monitoring 

project done by Technische Universität München (Dietsch, 2015), the moisture contents 

varied from 4.4% and 17.1%, which were detected from 21 wood structures with 7 different 

types of uses.  His conclusion recommended that timber structures should be protected 

properly during their first winter, for the first winter was the most critical period with regard 

to the initiation of potential cracking. 

 

Studies were also done with the aim of investigating sensor types for monitoring the wood 

moisture content.  Brischke (2008) used conductively glued electrode system for long-term 

monitoring the wood moisture content.  He discovered that the most suitable system in his 
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research consisted of a 2k-epoxy resin and a partly isolated stainless-steel cable.  This 

combination had a good performance against the degradation of blue stain fungi and mold, 

which could be the main problems occurring in weathered conditions when doing the wood 

monitoring.  Wacker (2007) studied relative humidity/temperature sensors and remote 

wireless electrical resistance pin sensors, indicating that the moisture content of birch 

(Betula spp.) beams in size of 127 x 127 x 1219 (mm) recorded varied with the penetration 

depth of the sensors.  Insulated electrodes were frequently chosen as a part of moisture 

content sensors (Tannert, 2010; Dietsch, 2015; Franke, 2013), for its advantage of being 

able to measure the moisture content at a specific depth from the surface of wood. 
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2.4 Fastener Design of Screw-Laminated Timber Bridge Decks  

Wood is a highly anisotropic material, featuring low capacities in tension and compression 

in the perpendicular-to-grain direction as well as shear. The timber element can be 

reinforced to compensate for these low strength properties. The external reinforcement can 

be applied with a continuous interconnection, for example, fastener connecting, glue 

bonding, or steel rod stressing (Dietsch and Brandner, 2015). 

 

NLT can be regarded as a simple mechanically laminated timber deck material because it 

requires little previous knowledge and technological resource. However, compared to 

glued or stress-laminated deck, NLT are less stiff, thus it has lower resistance to 

concentrated loads (Klob, 2008).  Apart from nails, self-tapping screws can be an 

economical alternative to the traditional reinforcement by glued-in steel rods or by adding 

wood-based panels onto the original timber member (Dietsch and Brandner, 2015). 

 

Using screws as reinforcement in beam supports was studied by Bejtka and Blaß (2006), 

their research showed that the load-carry capacity of self-tapping screws reinforced beam 

supports was at maximum 300% higher than the load-carrying capacity of non-reinforced 

beam supports, and the maximum ration between the stiffness of beam supports reinforced 

with perpendicular self-tapping and that without screw reinforcement was about 5.  Crocetti 

(2010) studied the load-displacement behavior of double-shear loaded single dowel joints 

reinforced with self-tapping screws under monotonic loading, indicating that scatter in test 

results was considerably reduced when reinforcing screws were used. His study also 

showed that the reinforcing screws prevented the joint to fail due to premature splitting.  
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Further, the reinforced specimens exhibited a very ductile load-displacement behavior, and 

after the first drop in the load, the joints still maintained a significant load-carrying 

capacity. 

 

Screw-laminated timber deck with screw arrangement at angles were studied by Widmann 

(2001) as well as Bejtka and Blaß (2002), with the aim of overcoming the drawbacks of 

NLT decks such as limited load distributing efficiency. This is because screws provided 

higher strength and friction between lumbers, and the screw threads more lumbers together 

than nails. They indicated that the load-carrying capacity and the stiffness of timber-to-

timber connections in these joints were much higher than common shear connections due 

to the high withdrawal capacity of the screws.  Widmann (2001) concluded that screw-

laminated timber slab obtains a higher stiffness than NLT one, but a lower stiffness than 

glue- and stress-laminated timber slab.  The test results showed 45-degree fastening (Figure 

2.7 left) had a shear test peak load that was three times larger than the perpendicular 

fastening (Figure 2.7 right).  The advantages of this special arranged screw-laminated 

timber bridge deck included relatively high mechanical performance, and a semi-

automated mean of installation for there was no need for predrilling (Widmann, 2001).   
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Figure 2.7 Double-shear connections with 45-degree fastening (left) and perpendicular 

fastening (right) 
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Bejtka and Blaß (2002) studied the arrangement of screws at angles between 75° and 40° 

(an angle between the screw axis and the grain direction of lumber) and proposed an 

equation based on Johansen´s yield theory (Johansen, 1949) for determining the load-

carrying capacity for all timber-to-timber connections with inclined screws taking into 

account the withdrawal and bending capacity of the screws, the timber embedding strength, 

and the friction stress between the timber members (Bejtka and Blaß, 2002).  In the aspect 

of theoretical analysis of timber-to-timber joints connected with inclined screws loaded 

parallel to the wood grain direction, Tomasi (2010) claimed that the current method 

stipulated in Eurocode 5 was partially not suitable for describing the relationship between 

strength and stiffness for the configurations of inclined screws, and then he proposed a 

method for calculating the load-bearing capacity and stiffness of screws placed in an 

inclined position with respect to the shear plane and subjected to shear-compression load 

(Equation 2.3), to shear-tension load (Equations 2.4 and 2.5) or to a combination due to 

their crossed X-position, which equal to one under shear-tension stress and another under 

shear-compression stress. 

 

𝐹𝑣,𝑅𝑘 =
1

[(
𝑠𝑖𝑛∝

𝐹𝑎𝑥,𝑅𝑘
)2+(

𝑐𝑜𝑠∝

𝐹𝑙,𝑅𝑘
)2]

1/2                                  Equation 2.3 

 

Where Fv,Rk is the characteristic load-bearing capacity parallel to the shear plane per 

fastener; α is the angle of inclined fastener; Fax,Rk is the characteristic axial withdrawal 

capacity of the fastener; Fl,Rk is the characteristic lateral resistance strength of the fastener. 
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                                                                                                 Equation 2.4 (Tomasi, 2010)  

 

For fastener subjected to shear-tension stress that loaded parallel to the shear plane, the 

characteristic load-carrying capacity Fv,Rk  is listed in Equation 2.5. 

 

                                                                                                                           Equation 2.5 

 

Where s1, s2 are shown in Figure 2.8; fh,1,k and fh,2,k are characteristic embedment strengths 

of  the side and middle wood elements; β = fh,1,k/fh,2,k; Rax,k is the minimum value of the 

characteristic withdrawal strengths of the fastener from the side and middle wood elements; 

d is the effective diameter of the fastener; Myk is the characteristic yield moment of the 

fastener; μ is the friction coefficient at the interface between wood elements. 
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Figure 2.8 Main geometrical features of a screw (Tomasi, 2010) 
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3 On-Site Monitoring of the Moisture Content of Bridge Decks 

Made of Nail-Laminated Timber 

Abstract 

The objective of this chapter was to understand the change in moisture content (MC) of 

bridge decks made of nail-laminated timber (NLT), which is commonly used in New 

Brunswick, Canada.  MC monitoring systems were installed in the NLT decks of two 

newly-built bridges (Clark Mill Pond and Shikatehawk No.5) in New Brunswick, and 

recorded the MC on an hourly basis using devices adopting Electrical Resistance (ER) 

method.  Meanwhile, the MC calibration was conducted using preservative-treated spruce-

pine-fir (SPF) lumber and saturated salt solutions in the laboratory with the aim of 

converting ER values recorded in 10*lgMOhm to MC in percentage by developing 

empirical models.  It was found that the MC values varied from 9.9% to 18.2% and 12.8% 

to 19.7% for Clark Mill Pond over 239 days and for Shikatehawk No.5 over 189 days, 

respectively.  The resulting differences in moisture content would decrease the strength 

properties of NLT deck.  The MC values of timber bridge decks measured during the 

monitoring period were less than 20%, suggesting that the NLT bridge decks would likely 

not be prone to rotting caused by biotic attack.   

 

Keywords: Timber bridge deck, Nailed-laminated timber, Moisture content; Long-term 

monitoring, Calibration 
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3.1 Introduction 

Bridges with timber decks are widely used for low-traffic volume areas in New Brunswick, 

Canada, because of multiple advantages it offers over conventional cast-in-place concrete 

decks.  These advantages include shorter construction time period, higher prefabrication 

degree, lower cost, lower equipment requirement (due to lower dead weight of structural 

components compared to concrete elements), environmentally friendly (due to utilization 

of readily available natural resource), etc. 

 

Timber bridge decks are in great demand in New Brunswick.  According to the reports 

released by the Department of Transportation and Infrastructure (DTI), the Province of 

New Brunswick, Canada, there are 32 types of different bridge substructures supporting 

more than 700 bridges with timber decks in the province (MacDonald 2017).  The timber 

bridge decks currently used in New Brunswick are mainly made of nail-laminated timber 

(NLT).  Based on DTI’s experience with its current nailing method and maintenance 

procedure, the NLT decks are required to be replaced every 10-15 years, which is a very 

costly action.  This calls for a new type of bridge deck system with a service life of more 

than 15 years. 

 

Wood deterioration is a critical factor governing the service life of a timber bridge deck 

system.  There are two primary causes, which are biotic (living) agents and physical (non-

living) agents.  Biotic agents, which might involve bacteria, fungi, mold, and insect.  

Required factors involve moisture, available oxygen, favored temperature, and food.  

Wood could be safe from biotic attack without any one of these factors.  Among these 



 

35 

 

factors causing deterioration of wood products, moisture plays a governing role. When 

moisture content exceeds 20% over an extended period of time, considerable decrease in 

strength could occur in wood material, followed by decay when temperature and other 

environmental factors are favored (Shupe, 2008).  Again, the change in moisture content 

would introduce shrinkage and swelling in wood, causing tensile/compressive stresses and 

subsequently forming gaps between NLT laminations (Correia 2013). It is obvious that 

long term moisture content variations would affect the physical and mechanical properties 

of timber bridge decks, and shorten their service life span as a consequence. Therefore, 

first-hand information on change of moisture content in timber bridge components is of 

great importance in design and use of timber bridges.   

 

The ultimate objective of this study was aimed at gaining a better understanding of the 

current NLT deck design and developing a more durable type of mechanically laminated 

timber deck systems for bridges.  This chapter discusses an investigation into the change 

in moisture content of NLT decks in the field via an on-site moisture monitoring system. 
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3.2 Materials and Methods 

3.2.1 On-Site Monitoring System 

3.2.1.1 Selection of Measurement Equipment 

The on-site monitoring system used in this study was made by Scanntronik Mugrauer 

GmbH (Germany).  This system consists two independent parts: a moisture meter with 8 

pins (Material Moisture Gigamodule) and temperature sensor with 2 external temperature 

sensor and 1 internal temperature sensor (Thermofox Universal).  Such a combination has 

been adopted throughout several research projects (Dietsch, 2015; Franke, 2015; Gamper, 

2012).  To fulfill the requirement of long-term on-site monitoring of moisture content, the 

moisture meter and temperature sensor chosen are both battery powered.  Temperature 

sensor herein also works as a data-logger that enables a manual read-out of data through 

an USB cable.  The configuration of the equipment is shown in Figure 3.1.    

 

Material Moisture Gigamodule is functioned in measuring the moisture content by 

recording the electrical resistance (ER) values detected from eight pairs of electrodes.  The 

machine claims a measuring range of electrical material resistance from 10 k Ohm to 100 

G Ohm.  Thermofox Universal works as both temperature sensor, with one internal 

temperature sensor ranging from -10°C to 50°C and two optional external temperature 

sensors ranging from -30°C to 120°C, and the data logger of a store capacity of up to 64000 

readings.  Measuring resolution of the temperature sensors is 0.1°C and their measuring 

accuracy is < ±1.0°C.   
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Electrodes that were chosen for Material Moisture Gigamodule are Teflon-insulated 

electrodes made by GANN (Germany) with two lengths, say 15mm and 25mm, which 

enable the measurement of moisture content at specific depths, see Figure 3.2.  Before the 

installation, the head of the electrodes was insulated with duct tape to avoid short circuits 

due to condensation or dirt. 

 

In summary, measurement equipment consists of a moisture meter, a temperature sensor 

(data logger), 8 pairs of Teflon insulated electrodes, and 2 external temperature sensors.  

Temperature sensors should be installed at the same depths as that of the electrodes for the 

purpose of temperature compensation calibration (Franke et al., 2013).   
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Figure 3.1 Configuration of equipment used to measure MC and temperature. 
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Figure 3.2 Electrodes (left) and connection of an electrode to sensor cable (right) 
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3.2.1.2 Bridges and Installation 

The monitoring systems were stored in two newly-built bridges (Clark Mill Pond and 

Shikatehawk No.5) with NLT bridge decks in New Brunswick (NB) to record the moisture 

content at a frequency of 60 Hz.  Bridge Clarks Mill Pond is located at Route 104, about 

17km north of Nackawic, NB. The bridge decks of Clarks Mill Pond (Figure 3.3) is 

longitudinal Nail-Laminated Timber (NLT) deck with the size of about 23m length by 7m 

wide.  Bridge Shikatehawk No.5 (Figure 3.4) is a small size bridge located at rural area 

near Bath, NB.  The bridge decks was made by transverse NLT with the size of about 10m 

length by 5m wide.  According to “New Brunswick Department of Transportation 

Specifications for Lumber and Timber Lumber”, the deck plates for these two bridges were 

made by 2" x 7" (38mm x 165mm) CCA preservative SPF dimension lumber of a grade of 

No.1.   

 

Symbols (white and black circles, white square and diamond) and labels (U1-U8, T1-T2) 

were used to illustrate the locations of measuring points, see Figure 3.5, and details can be 

found in Appendix A.  Measurement points were positioned symmetrically at the bottom 

face of the bridge deck to measure temperature (T1-T2) and moisture content (U1-U8) with 

depths of 25mm and 15mm.  Furthermore, air temperature was measured with the internal 

temperature sensor of Thermofox Universal (T3). 

 

In summary, there were 11 measurement points in total including one (1) internal 

temperature sensor (T3), one (1) external temperature sensor with a depth of 25mm 

embedded at middle of the up-stream lane (T1, Figure 3.6(a)), one (1) external temperature 
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sensor at a depth of 15mm depth embedded at middle of the down-stream lane (T2, Figure 

3.6(b)), four (4) Teflon insulated electrodes with 25mm length distributed on the up-stream 

lane (U1-U4, Figure 3.6(c)), and four (4) Teflon insulated electrodes with 15mm length 

distributed on the down-stream lane (U5-U8, Figure 3.6(d)).  Each point for measuring 

moisture content always consisted of one pair of electrodes with a distance of 30mm 

between each other. The orientation of the electrodes per pair was perpendicular to the 

grain of lumber.  Figure 3.7 provides an illustration of the locations of the sensors on the 

bottom surface of a bridge deck. 

 

  



 

42 

 

       

 

Figure 3.3 NLT bridge decks of Bridge Clark Mill Pond placed in the longitudinal 

direction of the traffic 
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Figure 3.4 NLT bridge decks of Bridge Shikatehawk No.5 placed in the transverse 

direction of the traffic 
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Figure 3.5 Locations for measuring Electrical Resistance (ER) of NLT bridge decks 
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(a)                     (b)                           (c)                            (d) 

Figure 3.6 Bridge deck laminations with (a) T1; (b) T2; (c) U1-U4; (d) U5-U8 
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Figure 3.7 Installation of electrodes and temperature sensor 

External temperature sensor 

Electrodes in pair 
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3.2.2 Calibration Test 

The objective of laboratory calibration was to correlate ER to MC and further derive 

equations for converting the ER readings collected from the monitoring system to MC 

values.  38mm x 38mm x 38mm cubics were cut from preservative-treated lumber (the 

same material as used in the monitored NLT decks) and then stored in dessicators with 

three saturated solutions of magnesium chloride (MgCl2), sodium chloride (NaCl), and 

potassium chloride (KCl) at room temperature (about 20 oC).  These three saturated 

solutions could generate three relative humidity values (33%, 75% and 85%) at room 

temperatures, allowing wood specimens to reach three equilibrium moisture contents 

(6.5%, 14.5%, and 18.0%) over a long and enough time period (ASTM, 2012).  This 

conditioning process took over five months until the weight flucturation of a specimen 

varied within ±1% for weeks, which indicated the specimen had reached the targeted MC.   

Additionally, to incorporate the temperture effect into the MC-ER curves and equaitons, 

three temperatures were set at  5°C, 20°C (room temperature), and 35°C, which were 

decided based on weather conditions of New Brunswick as well as based on available 

laboratory facility.  Once the target MC was reached, the specimen was tightly packed with 

aluminum foil and conditioned at the set temperature.  For each MC-temperature 

combination five replicates were used, see Table 3.1.  Figure 3.8 shows test arrangement. 

 

The penetration depth of CCA in the treated lumber used was measured to be less than 5 

mm on average. This suggests that the moisture content of each specimen at a selected 

location was measured from its untreated wood materials with four readings to reduce the 

measurement error.  Each specimen was measured with 4 readings to reduce the error.  The 
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actual MCs of the specimens were finally measured using the oven-dry method.  The 

calibration formulas were then developed using regression analysis.   
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Table 3.1 Calibration test layout 

Calibration Group Replicates Target MC (%) Target Temperature (°C) 

1 5 

6.5 

5 

2 5 20 

3 5 35 

4 5 

14.5 

5 

5 5 20 

6 5 35 

7 5 

18.0 

5 

8 5 20 

9 5 35 
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Figure 3.8 Setup for calibration tests using saturated solutions 
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3.3 Results and Discussion 

3.3.1 ER-MC Relationship Formulas 

ER values measured by Material Moisture Gigamodule were correlated to MC values 

calculated by the oven-dry method.  The fitted curves of ER versus MC are plotted in 

Figure 3.9, and correlation equations are then developed using the regression method.  

Figure 3.9 also illustrates the impact of temperature on the MC versus ER curves. As the 

figure shows, ER of wood decreases with increasing moisture content.  

 

To develop the calibration equations of ER versus MC, a two-step approach (Brischke, 

2008) was adopted. First, the fitted equation at the temperature of 20℃ was obtained by 

the least square regression method, as shown in Equation 3.1.  

 

                 Equation 3.1 

 

Where, MCt is the actual moisture content; MC20℃ is the moisture content at a temperature 

of 20℃; and Ct is the temperature compensation factor.  

 

Then the temperature compensation was made with a compensation factor, Ct.  A linear 

dependency between lgR and temperature was presented by Skaar (Skaar, 1964), Ct can be 

describe as:   
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Equation 3.2 

 

Therefore, the ER-MC calibration equations can be formed as: 

 

Equation 3.3 

                                                                                                                        

Equation 3.4 

 

Where, x is the 10*lgR values recorded by the monitoring system; t is the temperature; 

Equation 3.3 is used when temperature is within a range of 20 to 35℃; and Equation 3.4 is 

used when temperature is within a range of 5 to 20℃. 
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Figure 3.9 ER-MC correlation equations at 5 ℃, 20 ℃, and 35 ℃ 
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3.3.2 Changes in MC during Monitoring Periods 

To date, Bridge Clark Mill Pond and Shikatehawk No.5 have been monitoring under the 

chosen system over a period of two years.  The monitoring time period is presented in 

Table 3.2. 

 

A total of 112,992 readings were collected via the monitoring system at a frequency of 60 

Hz, and analyzed via ER-MC calibration formulas developed in previous section.  Time 

series curves of converted MC, temperature at measurement locations and relative 

humidity (RH) are plotted in Figure 3.10-17 and data are summarized in Tables 3.4 and 

3.5.  The RH values were adopted from Environment and Climate Change Canada 

Woodstock Station, which are summarized in Table 3.3.  The MC values were considered 

valid within temperature range between 5℃ and 35℃.  More detailed information can be 

found in Appendix B. 
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Table 3.2 Monitoring time periods for bridges under monitoring 

Bridge 
Monitoring time period 

Year 2016 Year 2017 

Clark Mill Pond 
August 18th - November 24th 

(99 days) 

June 6th - October 24th 

(140 days) 

Shikatehawk No.5 
October 5th to November 22nd 

(49 days) 

June 7th to October 25th 

(140 days) 
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Table 3.3 Summary of RH variations from Woodstock Station 

Bridge 
Air RH (%) 

Year 2016 Year 2017 

Clark Mill Pond 55.0 - 97.6 38.4 - 95.2 

Shikatehawk No.5 55.0 - 97.6 55.0 - 97.6 
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3.3.2.1 Bridge Clark Mill Pond 

 

Figure 3.10 Moisture content variation for Clark Mill Pond from  

Aug 18th to Nov 24th, 2016 
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Figure 3.11 Temperature variance for Clark Mill Pond and RH  

from Aug 18th to Nov 24th, 2016 
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Figure 3.12 Moisture content variation for Clark Mill Pond from  

Jun 6th to Oct 24th, 2017 
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Figure 3.13 Temperature variation for Clark Mill Pond and RH from 

Jun 6th to Oct 24th, 2017 
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Table 3.4 Summary of MC and temperature variations for Bridge Clark Mill Pond 

Aug 18th to Nov 24th, 2016 

Point 
MC (%) 

External Sensor 

Temperature (℃) 

Internal Sensor 

Temperature (℃) 

Mean Max  Min  Mean Max Min Mean Max Min 

U1 14.4 16.0  13.0  

11.1 26.9  -3  

10.4 26.7 -3.3 

U2 15.6 17.0  14.2  

U3 14.5 16.2  13.0  

U4 13.8 15.4  12.4  

MU 14.6 16.2  13.2  

U5 12.1 13.7  10.6  

11.2 27.4  -2.7  

U6 12.4 13.9  10.8  

U7 12.3 13.7  10.9  

U8 12.7 14.1  11.2  

MD 12.4 13.9  10.9  

Jun 6th to Oct 24th, 2017 

 
MC (%) 

External Sensor 

Temperature (℃) 

Internal Sensor 

Temperature (℃) 

Mean Max  Min  Mean Max Min Mean Max Min 

U1 13.9 15.2  12.0  

17.2 29.7  0.3  

16.1 30.2 0.0 

U2 14.8 16.4  12.6  

U3 17.0 18.2  14.6  

U4 14.2 15.5  12.4  

MU 15.0 16.3 12.9 

U5 11.9 13.7  10.1  

17.3 30.4  0.6  

U6 11.8 13.2  9.9  

U7 12.3 14.1  10.4  

U8 12.5 13.6  10.6  

MD 12.1 13.7 10.3 
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Referring to Figure 3.4, U1-U4 represent measuring points distributed on the up-stream 

lane; MU represents the mean value of MCs from all measured points that distributed on 

the up-stream lane at 25mm depth.  U5-U8 represent measuring points distributed on the 

down-stream lane; MD represents the mean value of MCs from all measured points that 

distributed on the down-stream at 15mm depth.  Two external sensor temperatures were 

derived from up-stream and down-stream lane at depths of 25mm and 15mm, separately.  

The average MC of up-stream lane measured from a depth of 25mm was higher than those 

of down-stream lane measured from a depth of 15mm, revealing a MC difference between 

different depths from decks surface.  This gradual increase or decrease of the moisture 

content happened within the structure could result in dimensional changes of the cross 

section and also introduce internal stresses to the NLT bridge decks, which could 

eventually separate the laminations apart (Franke, 2013).  During the monitoring year of 

2016, the maximum MC (17.0%) appearing at the measurement location U2 (pin embedded 

at the upper-right corner of the up-stream lane) and the minimum MC (10.6%) appearing 

at the measurement location U5 (pin embedded at the bottom-left side of the down-stream 

lane).  During the following year, the maximum MC (18.2%) was found at the 

measurement location U3 (pin embedded at the middle area of the up-stream lane) while 

the minimum (9.9%) was found at the measurement location U6 (pin embedded at the 

bottom-right corner of the down-stream lane).  The reason why the location where 

maximum average MC was detected changed might be due to the deterioration of the 

pavement layer formed in the middle of the bridge deck due to the traffic during its second 

year in service. 
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3.3.2.2 Bridge Shikatehawk No.5 

 

Figure 3.14 MC variation for Shikatehawk No.5 from 

Oct 5th to Nov 22nd, 2016 
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Figure 3.15 Temperature variation for Shikatehawk No.5 and RH from  

Oct 5th to Nov 22nd, 2016 
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Figure 3.16 MC variation for Shikatehawk No.5 from  

Jun 7th to Oct 25th, 2017 
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Figure 3.17 Temperature variation for Shikatehawk No.5 and RH from 

Jun 7th to Oct 25th, 2017 
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Table 3.5 Summary of MC and temperature variations for Bridge Shikatehawk No.5 

 Oct 5th to Nov 22nd, 2016 

Point 
MC (%) 

External Sensor 

Temperature (℃) 

Internal Sensor 

Temperature (℃) 

Mean Max  Min  Mean Max Min Mean Max Min 

U1 17.6 19.2  16.6  

5.5 16.3  -1.8  

5.4 17.1 -0.8 

U2 15.9 17.7  15.0  

U3 15.9 17.7  15.0  

U4 16.4 17.6  15.5  

MU 16.4 18.1 15.5 

U5 17.6 19.1 16.5  

5.8 16.2  -1.3  

U6 14.5 16.6 12.8  

U7 14.5 16.4 13.0  

U8 15.9 17.9 14.3  

MD 15.6 17.5 14.2 

Jun 7th to Oct 25th, 2017 

 
MC (%) 

External Sensor 

Temperature (℃) 

Internal Sensor 

Temperature (℃) 

Mean Max  Min  Mean Max Min Mean Max Min 

U1 17.7 19.7  15.5  

16.0 28.0  1.3  

15.6 28.4 1.4 

U2 16.4 17.5  14.6  

U3 16.3 17.6  14.2  

U4 15.2 16.3  13.8  

MU 16.4 17.8 14.5 

U5 15.0 16.4  13.0  

16.2 27.7  2.0  

U6 16.2 17.8  14.0  

U7 16.9 19.2  14.1  

U8 16.7 18.4  14.3  

MD 16.2 18.0 13.9 
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Similarly, U1-U4 represent measuring points distributed on the up-stream lane at 25mm 

depth; MU represents the mean value of MCs from all measured points that distributed on 

the up-stream lane at 25mm depth.  U5-U8 represent measuring points distributed on the 

down-stream lane at 15mm depth; MD represents the mean value of MCs from all 

measured points that distributed on the down-stream at 15mm depth.  The average MC 

detected at 25mm depth was higher than that at 15mm depth.  The locations where 

maximum and minimum MCs were detected on Bridge Shikatehawk No.5 stayed the same 

(pins embedded at the upper-left side of the up-stream lane, and at bottom of the down-

stream lane) for two years monitoring period.   
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3.3.2.3 Comparison of Two Bridges Monitored 

Table 3.6 summarizes the monitoring results.  The mean MC values of each year for each 

bridge, and the maximum amplitude, i.e., the difference between maximum and minimum 

MC value detected during the monitoring period, were presented.  The MC values for both 

bridge decks measured during the monitoring period were less than 20%.  Comparing the 

configurations for two monitored bridges, the reason for their MC difference could be due 

to the pavement layer.  Bridge Clark Mill Pond was protected from surface moisture with 

two-component epoxy (MacDonald 2017) as pavement, whereas Bridge Shikatehawk No.5 

was left unpaved for about six months after construction to allow lumber to dry.  Another 

factor that might be a reason for MC difference is the height of the bridge deck to the 

stream.  Bridge Clark Mill Pond bridge deck was less influenced by stream moisture for it 

had a larger clearance (around 8 meter) from the stream, than that of Bridge Shikatehawk 

No.5 (around 3 meter).  

 

Additionally, the resulting differences in moisture content would decrease the strength 

properties of NLT decks.  As Figure 3.18 shown, when moisture content increases, 

mechanical properties such as tension strength parallel to grain, bending strength and 

compression strength perpendicular to grain would decrease in varying degrees.  

Consequently causing the deformation in decks as well as the vertical slip between deck 

laminations, and eventually affect the durability of the NLT decks. 
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Table 3.6 Details for monitored bridges 

Monitoring 

Period 

Clark Mill Pond Shikatehawk No.5 

Mean Max∆  

25mm (%) 

Mean Max∆ 

15mm (%) 

Mean Max∆ 

25mm (%) 

Mean Max∆ 

15mm (%) 

2016 14.6  3.2 12.4  3.1 16.4 2.7 15.6 3.8 

2017 15.0  3.8 12.1  3.7 16.4 4.2 16.2 5.1 
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Figure 3.18 Effect of moisture content on woo d strength peoperties. A, tension parallel 

to grain; B, bending; C, compression parallel to grain; D, compression perpendicular to 

grain; and E, tension perpendicular to grain. (FPL, 2010) 
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3.4 Conclusions and Future Work 

To date, the on-site moisture monitoring systems have been operating over two years on 

two newly-built NLT bridge decks in New Brunswick, Clark Mill Pond and Shikatehawk 

No.5.  The moisture content has been measured at various locations at two depths from the 

deck surface.  It was shown that the electrical resistance method and the chosen equipment 

worked well for long-term on-site moisture content monitoring.  The following conclusions 

could be drawn: 

 

 During the monitoring periods, it was found that the MC values varied from 9.9% 

to 18.2% and 12.8% to 19.7% for Bridge Clark Mill Pond over 239 days and for 

Bridge Shikatehawk No.5 over 189 days, respectively.  The resulting differences in 

moisture content would decrease the strength properties of NLT deck. 

 The MC values of timber bridge decks measured during the monitoring period were 

less than 20%, suggesting that the NLT bridge decks would likely not be prone to 

rotting caused by biotic attack. 

 

Long-term MC monitoring could provide an effective method for recording the MC values 

and understanding the MC variation over time, providing the first-hand information for 

inspecting timber bridges and analyzing the problems caused by MC such as decay and 

gaps formed between laminations in NLT bridge decks. This moisture monitoring study 

shall continue to be used with the aim of establishing the database over the life span of 

monitored timber bridges. 
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4 An Improved Fastener Design for Bridge Decks Made of 

Mechanically Laminated Timber  

Abstract 

The work described in this chapter was aimed at developing a more suitable type of 

mechanically laminated timber bridge deck that could obtain higher stiffness and longer 

life span without decreasing the load capacity.  This could be reached in terms of 

developing an improved fastener design(s) by considering the parameters such as fastener 

type, fastener dimensions, and fastening design.  In this chapter, the parameters taken into 

account were fastener type (i.e. nails and screws), fastener diameter and fastening 

orientation relative to loading direction (i.e. perpendicular and 45-degree to the loading 

direction).  Predicting of yield load capacities for double-shear connections with laterally 

loaded nails and screws were made firstly through the classical Johansen’s Theory.  The 

fastener bending strength and the wood embedment strength were tested, which were used 

in the Johansen’s Theory formulae along with other factors such as fastener diameter and 

wood member thickness.  The double-shear connection tests were conducted via a universal 

electromechanical testing machine.  The stiffness and load capacities of each fastening 

design were calculated and analyzed.  It was found that use of screws could lead to higher 

stiffness and higher load capacity than that of nails.  It was also found that Johansen’s 

Theory correctly predicted the failure mechanisms formed during the test. 

 

As a result, the connections containing galvanized spiral nail 80d inserted perpendicularly 

to the loading direction and containing zinc coat partially threaded screw inserted at 45-
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degree to the loading direction were recommended due to relatively large stiffness and load 

capacity values. 

 

Keywords: Mechanically laminated timber bridge decks, Fastening design, Nails, Screws, 

Double-shear connection tests, Johansen’s Theory 
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4.1 Introduction 

Bridges with timber decks are widely used for low-traffic volume areas in New Brunswick, 

Canada, because of multiple advantages it offers over conventional cast-in-place concrete 

decks.  These advantages include shorter construction time period, higher prefabrication 

degree, lower cost, lower equipment requirement (due to lower dead weight of structural 

components compared to concrete elements), environmentally friendly (due to utilization 

of readily available natural resource), etc. 

 

Timber bridge decks are in great demand in New Brunswick.  According to the reports 

released by the Department of Transportation and Infrastructure (DTI), the Province of 

New Brunswick, Canada, there are 32 types of different bridge substructures supporting 

more than 700 bridges with timber decks in the province (MacDonald 2017).  The timber 

bridge decks currently used in New Brunswick are mainly made of nail-laminated timber 

(NLT).  Based on DTI’s experience with its current nailing method and maintenance 

procedure, the NLT decks are required to be replaced every 10-15 years, which is a very 

costly action.  This calls for a new type of bridge deck system with a service life of more 

than 15 years. 

 

The design of NLT decks in New Brunswick largely follows standards such as “Ontario 

Highway Bridge Design Code (OHBDC)” (Ontario Highway Engineering Division, 1983) 

and CSA S6 “Canadian Highway Bridge Design Code” (CSA, 2014).  The fasteners used 

follow the standard CSA B111 “Wire nails, Spikes and Staples” (CSA, 2003), and the sawn 
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lumber species follow the standard CSA O141 “Softwood Lumber” (CSA, 2014).  

However, in both OHBDC and CSA S6, NLT is described as an empirical product, i.e., the 

relevant information is very limited even in the standard level.  For example, the NLT 

design method adopted by NBDTI is described as follows:  

 

“Lumber in size 2x7 (38mm thick and 160mm wide); fastening each lamination to the 

preceding one at interval not exceeding 250mm; driving nails alternately near the top and 

bottom edge; at least one nail placed within 100mm to 125mm from the end of each 

lamination; and the nails being long enough to pass through two laminates and at least 

halfway through the third.” 

 

Elsewhere, the standard CSA O86 “Engineering Design in Wood” (CSA, 2014) sets the 

connection requirement for NLT decking as:  

 

“Nails used to spike the laminations together shall be at least 4 in (101.6mm) long for 

38mm thickness laminations and 6 in (152.4mm) long for 64mm thickness lamination.  

Decking 140mm or less in depth shall be spiked together with a staggered single row of 

nails at intervals of not more than 450mm in the row.  One nail shall be placed not more 

than 100mm from the end of each lamination.  Decking more than 140mm in depth shall 

be spiked together with a staggered double row of nails at intervals of not more than 

450mm in each row.  Two nails shall be placed not more than 100mm from the end of each 

lamination.  Each lamination shall be toe-nailed to each support with not less than 4 in 

(101.6mm) nails.” 
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Johansen’s Theory is the most widely accepted theory for predicting yield load capacity 

for timber connection with laterally loaded fasteners such as nails, dowels or bolts, which 

is a derivative model proposed by Danish scientist K. W. Johansen in 1949 (Johansen, 

1949).  According to Johansen’s Theory, the load-carrying capacity depends on the 

geometry of the connection, the bending resistance of the fastener and the embedment 

strength of the solid timber or wood-based material (Blass, 2001).  The key issue in the 

application of Johansen’s Theory is that the modelling approach is only strictly appropriate 

to multiple fastener connections if they exhibit ductile failure and the maximum load is 

linearly proportional to the number of fasteners (Murty, 2006).  The assumption for 

Johansen’s Theory is based on modelling the fastener as a beam where plastic hinges form 

under the loading of the embedment pressure from the surrounding timber (Johnsson, 

2004).  Three types of failure mechanisms were observed in a double-shear connection 

(Johansen, 1949), which are illustrated in Figure 4.1, i.e. Mode I without any plastic hinge 

(with a double-shear connection and a stiff dowel), Mode II with one plastic hinge (with a 

low stiffness dowel bent in the middle timber member of a double-shear connection), and 

Mode III with plastic hinges form in both side and main members.  The resulting formulas 

of three failure mechanisms are listed as Equations 4.1 to 4.4.  The fastener resistance is 

then taken as the minimum value from the calculation values made with Equations 4.1 to 

4.4. 
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                               Mode I                                         Mode II                       Mode III 

Figure 4.1 Failure mechanisms for double-shear connections (Johansen, 1949) 
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Equation 4.1 

Equation 4.2 

Equation 4.3 

Equation 4.4 

 

Where Fyield is the yield load per fastener; SH is the embedment strength of the wood 

member (bearing pressure to crush the wood); SB is the yield strength of the fastener; d is 

the fastener diameter; m and l are the thickness of the middle and side wood members. 

 

The objective of this study was to evaluate the performances of various types of fastener 

designs via connection tests in terms of stiffness and load capacity.  The findings were used 

to make recommendations for further research, which is about investigating the long-term 

performance of the full-scale mechanically laminated timber bridge decks under cyclic load 

with the proposed fastener design.    
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4.2 Materials and Methods 

4.2.1 Materials and Specimens 

4.2.1.1 Lumber and Fasteners 

The wood material used in this study was 2x8 (38mm x 184mm) spruce-pine-fir (SPF) 

lumber of a No. 1 J grade and a length of 12 ft (3.67m).  There were a total of 80 pieces of 

lumber.  The density and moisture content of each piece of lumber were measured prior to 

testing.  These lumber pieces were organized into three groups in terms of density for the 

joint test, i.e. low, middle and high density groups.   

 

Fasteners used included two types of nails (i.e. galvanized spiral nail in size of 60d and 

80d), and three types of screws (i.e. zinc coat partially threaded self-tapping screw, zinc 

coat fully threaded self-tapping screw, and stainless-steel partially threaded self-tapping 

screw).  Additional specification and detailed information of the fasteners are provided in 

Figure 4.2, Table 4.1 and Table 4.2. Figure 4.3 defines the dimensional parameters for a 

partially threaded self-tapping screw. 
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Figure 4.2 Fastener configuration for a) 60d galvanized spiral nail, b) 80d galvanized 

spiral nail, c) zinc coat partially threaded self-tapping screw, d) zinc coat fully threaded 

self-tapping screw, and e) stainless-steel partially threaded self-tapping screw 
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Figure 4.3 Zinc coat partially threaded self-tapping screw 
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Table 4.1 Dimensions of fasteners used in tests 

Fastener 

Type 
Brand Name 

Shank 

Diameter 

(dshank)  

(mm) 

Thread 

Diameter 

(dthread) 

(mm) 

Root 

Diameter 

(droot) 

(mm) 

Fastener 

Length  

(L) 

(mm) 

Thread 

Length 

(Lthread) 

(mm) 

Galvanized 

Spiral Nail 
Paulin 

60d 4.68 - - 152 - 

80d 7.24 - - 203 - 

Self-

tapping 

Screw 

SWG 

GmbH 

Zinc coat 

partially 
5.80 8.00 5.30 160 80 

Zinc coat 

fully 
- 8.00 5.00 160 143 

Stainless-

steel 

partially 

5.95 8.00 5.00 160 80 
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Table 4.2 Detailed information for screws used in tests 

Screw Type Category Material 

Zinc coat partially Partially threaded + 

Countersunk head  

Carbon steel +  

Blue passivated zinc coating 

Zinc coat fully Fully threaded + 

Countersunk head 

Carbon steel + 

Yellow chromate zinc coating 

Stainless-steel partially Partially threaded +  

Washer head 
Stainless steel 
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4.2.1.2 Joint Specimen Assembly 

Each test specimen was fabricated with three lumber members and four fasteners of same 

type.  The dimension and fastening arrangement of an assembly are given in Figure 4.4.  

Table 4.3 provides details on the test specimens, such as fastener type and fastening 

direction.  The number of replicates for each specimen type was nine (9), among which 

three (3) were made out of low density lumber, three (3) of middle density lumber, and 

three (3) of high density lumber. There were nine (9) groups generating a total of 81 

specimens.  
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Figure 4.4 Assembly configurations of double-shear connection specimens 
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Table 4.3 Double-shear connection test specimens 

Test Group Fastener Fastening Direction 

NP6 60d Perpendicular 

NI6 60d 45-degree 

NP8 80d Perpendicular 

SZPP Zinc Coat Partially Perpendicular 

SZIP Zinc Coat Partially 45-degree 

SZPF Zinc Coat Fully Perpendicular 

SZIF Zinc Coat Fully 45-degree 

SSPP Stainless-Steel Partially Perpendicular 

SSIP Stainless-Steel Partially 45-degree 
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4.2.2 Testing Method 

4.2.2.1 Fastener Bending Test 

Three point bending tests were performed on five types of fasteners for bending yield 

strength with reference to ASTM F1575 “Standard Test Method for Determining Bending 

Yield Moment of Nails” (ASTM, 2017) on a universal electro-mechanical testing machine 

with a loading rate of 6.35 mm/min and a data logging rate of 2.0 Hz.  A bending test was 

stopped when the maximum load was reached followed by a decreasing load.  For each 

fastener type, five replicates were tested.   

 

Figure 4.5 illustrates the loading arrangements of the bending test on a fastener.  The 

loading arrangement (a) was used for testing nails (types: 60d and 80d) and screw (type: 

zinc coat fully), while the loading arrangement (b) was for testing the screws (types: zinc 

coat partially and stainless-steel partially).  Another factor that had to be chosen for loading 

arrangement was cylindrical bearing point spacing (Sbp), which is defined as the length 

between fastener points, see Table 4.4 for details (ASTM, 2017).  In this study, Sbp for 60d 

nail, 80d nail, zinc coat partially screw, zinc coat fully screw, and stainless-steel partially 

screw were 48mm, 83mm, 67mm, 58mm and 68mm, respectively.  
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(a) (b) 

Figure 4.5 Load and bearing point locations for smooth shank and fully deformed shank 

nails (a) and for partially deformed shank nails (b) (ASTM, 2017) 
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Table 4.4 Length between fastener bearing points (ASTM, 2017) 

Fastener Nominal Diameter (mm) Length Between Bearing Points, Sbp (mm) 

2.51 27.94 

2.87 33.02 

3.05 35.56 

3.33 38.10 

3.76 43.18 

4.11 48.26 

4.83 55.88 

Larger than 4.83 11.5 times the fastener diameter 

Note: Length between bearing points for nails with diameters other than shown are the 

lengths for the next smaller listed diameter. 
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4.2.2.2 Wood Embedment Test 

The embedment test loaded perpendicular to the grain of wood was used to measure the 

bearing resistance of wood subject to stress caused by a pure transverse movement of a 

fastener through that wood.  The wood material used for embedment test in this study was 

also spruce-pine-fir (SPF) lumber of a No. 1 J grade.  The lumber was, prior to use, stored 

in a conditioning chamber with a relative humidity of 65±5% and a temperature of 20±2℃.  

The same fastener types tested in bending were used in the embedment test program.   

 

The experimental set-up was based on a universal electro-mechanical testing machine in 

accordance with ASTM D5764 “Standard Test Method for Evaluating Dowel-Bearing 

Strength of Wood and Wood-Based Products” (ASTM, 2013).  The specimen for 

embedment test consisted of a rectangular parallelepiped member in a size of 50mm x 

50mm x 38mm with half a dowel hole across the grain direction of one face, see Figure 

4.6.  There were five replicates for each type of fastener.  The loading rate used was 1.0 

mm/min while crosshead movement, load and time were recorded at a rate of 2.0 Hz.  The 

test was terminated when the crosshead movement reached one half of the fastener 

diameter or the maximum load was achieved. 
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Figure 4.6 Specimen configuration (left) and side view of testing setup (right) 
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4.2.2.3 Joint Test 

The double-shear connection tests were carried out on a universal electro-mechanical 

testing machine with reference to ASTM D1761 “Standard Test Methods for Mechanical 

Fasteners in Wood” (ASTM 2012).  A specimen was loaded monotonically on the middle 

lumber member while the other two side members were seated on two bottom steel bars.  

Two LVDTs were mounted on the two side lumber members.  See Figures 4.7 and 4.8.  

The loading rate was 2.54mm/min (0.1 inch/min).  A test was completed after the load 

passed the peak value and was reduced to 80% of the peak load or severe damage appeared 

in the specimen.  The load, crosshead movement, relative movement between the side and 

middle members (that recorded through two LVDTs) and elapsed time were recorded using 

a data logger at a frequency of 2.0 Hz. 
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Figure 4.7 Double-shear connection test setup 
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Figure 4.8 Apparatus for double-shear connection test (Top: side views and bottom face 

view) 
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4.2.3 Calculation of Mechanical Parameters 

4.2.3.1 Fastener Bending Test 

As the testing data was collected as well as the load-displacement curve was established, 

the fastener yield load was determined by the 5% offset method, specially, by fitting a 

straight line to the initial linear portion of the load-displacement curve (10 – 40% of peak 

load in this case), then offsetting this line by a deformation equal to 5% of the fastener 

diameter.  The fastener yield load was drawn as the load at which the offset line intersected 

the load-displacement curve.  The nominal bending yield strength of the fastener was then 

calculated with Equations 4.5 and 4.6. 

 

𝐹𝑦𝑏 =
𝑀𝑦

𝑠
                                            Equation 4.5 

𝑀𝑦 = 𝐹
𝑆𝑏𝑝

4
                                               Equation 4.6 

 

Where Fyb is the nominal fastener yield strength; S is the effective plastic section modulus 

for full plastic hinge (for circular or prismatic nails, S = d3/6, where d = nail diameter, or 

shank diameter for screw); My is the calculated yield moment based on test load; F is the 

fastener yield load calculated from load-displacement curve with the 5% offset method; 

and Sbp is the cylindrical bearing point spacing.  

 

When subsequently applying Johansen’s Theory, the nominal fastener yield strength (Fyb) 

shall be converted to bending strength (SB).  Thus Equation 4.7 was adopted (Wu, 2018).  
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𝑆𝐵 =
32𝑀𝑦

𝜋𝑑3
=   

32

6𝜋
𝐹𝑦𝑏 = 1.7𝐹𝑦𝑏                             Equation 4.7 

 

4.2.3.2 Wood Embedment Test 

In the application of Johansen’s Theory, the embedment strength, SH, should be derived 

from bearing yield load calculated by using 5% offset method on load-displacement curves 

plotted with collected data, see Equation 4.8. 

 

𝑆𝐻 =
𝑃

𝑡𝑑
                                                    Equation 4.8 

 

where SH is the embedment strength; P is the bearing yield load calculated from load-

displacement curve with 5% offset method; t is the thickness of the specimen, 50mm in 

this case, and d is the fastener diameter (for screws, d is equal to the average value of shank 

and root diameters). 
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4.2.3.3 Joint Test 

Figure 4.9 illustrates the derivation of the mechanical parameters from connection test data, 

which include the initial stiffness (K), peak load and displacement (Fpeak, ∆peak), load and 

displacement at failure (Ffailure, ∆failure), and load and displacement at yield point (Fyield, 

∆yield).   

 

Initial stiffness (K) is defined as the load required to produce one unit change in slip 

deformation.  The value of the initial stiffness here is calculated via defining it as the slope 

of the line drawn between 10% and 40% of the peak load (ASTM, 2013).  Failure point 

(Ffailure, ∆failure) of a specimen is defined as the load is reduced to 80% of the peak load or 

severe damage appeared on the specimen (ASTM, 2012).  Yield point (Fyield, ∆yield) is 

defined as the point where the material begins to deviate from ideal elastic to a plastic or 

pseudo-plastic phrase.  The yield point can be defined from load-displacement curves as 

the point at which the plastic deformation begins to occur.  However, it is difficult to 

accurately define yielding of a timber connection due to the absence of clear and distinctive 

change in stiffness.  Muñoz et al (2008) conducted a study of comparing six commonly 

used methods for estimating the yield point and proposed that 5% offset method would be 

a proper approach to determine the yielding of a timber connection.  The yield load in this 

study is thereafter calculated via the 5% diameter offset method (ASTM, 2013).   

 

Furthermore, since timber is inherently brittle, requiring metal fasteners to provide ductility 

for the connection (Haller, 1999).  The ductility ratio (D) was introduced, which could be 

calculated as the ratio of the failure displacement and yield displacement, Equation 4.9.   
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Equation 4.9 

 

Smith et al. (2006) proposed a classification approach to define the class of timber 

connections with D value, as shown in Table 4.5.   
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Figure 4.9 Definition of mechanical parameters used in this study 
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Table 4.5 Ductility classification 

Classification Ductility Ratio 

Brittle  D ≤ 2 

Low-ductility 2 ≤ D ≤ 4 

Moderate-ductility 4 ≤ D ≤ 6 

High-ductility  D > 6 
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4.3 Results and Discussion 

4.3.1 Density and Moisture Content 

The average density of the lumber was 454 kg/m3 with a COV of 7% and the moisture 

content was 13.9% with a COV of 11%.  After organizing them into three groups in terms 

of density, i.e. low density group, middle density group and high density group, the average 

density and the moisture content value of each group are given in Table 4.6.  
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Table 4.6 Average density (kg/m3) and moisture content (%) of the lumber used 

 Low Middle High 

Density 427 (3) 452 (2) 472 (3) 

MC 13.7 (10) 13.3 (6) 14.5 (10) 

Note: The values in parentheses are CoVs (%). 
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4.3.2 Mechanical Responses 

4.3.2.1 Fastener Bending Test Results 

The average load-displacement curves were plotted for fastener bending tests conducted 

on five types of fasteners, as Figure 4.10 shown.  Bending strength was then calculated and 

presented in Table 4.7. 

 

The typical failure mode of all five types of fasteners tested under bending was the 

appearance of plastic hinge at the loading point.  For instance, a bent 60d galvanized spiral 

nail is shown in Figure 4.11. 
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Figure 4.10 Load-displacement curves for bending test 
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Table 4.7 Yield load and yield strength of bending tests 

Fastener Type Replicates 
Yield Load 

(kN)  

Yield Strength 

(kN/mm2) 

Galvanized 

Spiral Nail 

60d 5 1.44 (15) 1.72 

80d 5 2.54 (4) 1.42 

Self-tapping 

Screw 

Zinc coat partially 5 2.26 (3) 1.77 

Zinc coat fully 5 1.88 (4) 2.22 

Stainless-steel partially 5 1.22 (4) 0.85 

Note: The values in parentheses are CoVs (%). 
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Figure 4.11 Failure mechanism for fastener bending test 
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4.3.2.2 Wood Embedment Test Results 

The load-displacement curves were plotted for wood embedment tests, giving a total of 25 

curves from embedment test.  The average curves of five testing group were given in Figure 

4.12.  The calculated embedment strength results are presented in Table 4.8. 

 

The typical failure mode in embedment tests was the slightly deformation along the hole 

on wood members without wood splitting, see Figure 4.13. 
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Figure 4.12 Load-displacement curves for embedment test 
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Table 4.8 Yield load and yield strength of embedment tests 

Fastener Type Replicates 
Yield Load 

(kN)  

Yield Strength 

(kN/mm2) 

Galvanized 

Spiral Nail 

60d 5 6.49 (5) 0.028 

80d 5 9.78 (5) 0.027 

Self-tapping 

Screw 

Zinc coat partially 5 6.77 (5) 0.024 

Zinc coat fully 5 6.88 (14) 0.030 

Stainless-steel partially 5 7.06 (3) 0.026 

Note: The values in parentheses are CoVs (%). 
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Figure 4.13 Failure mechanism for wood embedment test 
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4.3.2.3 Joint Test 

The average load-displacement curves of each specimen type, with 80% of the peak load 

defined as the failure load (ASTM, 2012), are plotted in Figure 4.15, giving a total of nine 

(9) curves.  Lowe load stages of these curves are shown in Figure 4.14.  The load-

displacement curves of these test groups exhibit similar behavior in a way that the load 

increases linearly with displacement with a relatively constant slope starting at the origin, 

then in a non-linear way passing the yield point and reaching the peak load value.  With 

NP6 as reference, since it was fabricated with the nail that commonly used in NLT bridge 

decks in New Brunswick, it is noticed from the load-displacement curves that the 45-degree 

fastening of 60d galvanized spiral nail exhibited a lower peak load and larger displacement 

at failure than the perpendicular fastening.  This result is similar to test groups fabricated 

with self-tapping screws ‘zinc coat partially’ and ‘zinc coat fully’, but differ from 

‘stainless-steel partially’.  In general, the screw connections perform better in terms of peak 

load compared to the nail connections that have similar diameter.  Test group SZPF, the 

perpendicular fastening of self-tapping screw zinc coat fully, achieved the highest peak 

load.  In addition, screw connections achieved larger displacements at failure.   

 

Tables 4.9 to 4.12 summarize the mechanical parameters including stiffness, load capacity 

and displacement.  Curves for each group of 9 replicates are presented in Appendix C. 
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Figure 4.14 Details of low load stages for average load-displacement curves 

Figure 4.15 Average load-displacement curves 
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Table 4.9 Stiffness of connections. 

Fastener 

Type 

Test 

Group 

No. of 

Replicates 

K 

 (kN /mm) 

Galvanized 

Spiral Nail 

NP6 9 9.60 (55) 

NI6 7 11.82 (36) 

NP8 9 11.50 (27) 

Self-

tapping 

Screw 

SZPP 9 10.48 (23) 

SZIP 6 12.06 (36) 

SZPF 9 6.89 (35) 

SZIF 6 10.11 (22) 

SSPP 9 9.50 (32) 

SSIP 8 6.51 (29) 

Note: The values in parentheses are CoVs (%). 
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Table 4.10 Load and displacement at yield 

Fastener 

Type 

Test 

Group 
Replicates 

Fyield  

(kN) 

 ∆yield   

 (mm) 

Galvanized 

Spiral Nail 

NP6 9  15.42 (9) 1.69 (38) 

NI6 7  11.76 (13) 1.08 (30) 

NP8 9  19.57 (7) 1.69 (23) 

Self-

tapping 

Screw 

SZPP 9  20.35 (7) 2.42 (17) 

SZIP 6  18.66 (10) 2.07 (22) 

SZPF 9  20.79 (7) 3.73 (31) 

SZIF 6  23.12 (12) 2.77 (20) 

SSPP 9  19.81 (9) 2.67 (29) 

SSIP 8  19.33 (7) 3.63 (30) 

Note: The values in parentheses are CoVs (%). 
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Table 4.11 Peak load and displacement 

Fastener 

Type 

Test 

Group 

No. of 

Replicates 

Fpeak  

(kN) 

 ∆peak   

 (mm) 

Galvanized 

Spiral Nail 

NP6 9 36.77 (11) 28.29 (10) 

NI6 7 26.87 (13) 31.72 (33) 

NP8 9 45.14 (9) 31.29 (13) 

Self-

tapping 

Screw 

SZPP 9 45.54 (10) 32.80 (8) 

SZIP 6 39.49 (13) 38.82 (17) 

SZPF 9 49.09 (8) 35.39 (13) 

SZIF 6 45.25 (10) 40.95 (12) 

SSPP 9 43.72 (11) 30.13 (17) 

SSIP 8 44.63 (9) 42.25 (24) 

Note: The values in parentheses are CoVs (%). 
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Table 4.12 Load and displacement at failure 

Fastener 

Type 

Test 

Group 
Replicates 

Ffailure  

(kN) 

∆failure   

(mm) 

Galvanized 

Spiral Nail 

NP6 9 29.42 (11) 40.68 (11) 

NI6 7 21.50 (13) 53.26 (11) 

NP8 9 36.12 (9) 44.08 (9) 

Self-

tapping 

Screw 

SZPP 9 36.43 (10) 44.24 (7) 

SZIP 6 31.59 (13) 60.25 (13) 

SZPF 9 39.27 (8) 49.36 (12) 

SZIF 6 36.20 (10) 66.21 (9) 

SSPP 9 34.98 (11) 74.19 (10) 

SSIP 8 28.69 (30) 71.24 (18) 

Note: The values in parentheses are CoVs (%).   
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4.3.2.3.1 Stiffness 

The average stiffness of each type of joint is presented in Figure 4.16.  Compared to NP6, 

the stiffness values of groups NI6 and NP8 were increased by 23% and 20%, which could 

be contribute to 45-degree fastening arrangement and the larger fastener diameter.  The 

stiffness values of groups made with screws, except for groups SZPF and SSIP, are higher 

than that of group NP6.  This finding agreed by Widmann (2001) who claimed that that 

screw-laminated timber slab is stiffer than NLT one.   

 

Among the screw joint groups, Zinc Coat Partially (SZIP) appeared to exhibit better 

performance in terms of stiffness.  In terms of fastening angle, 45-degree fastening tended 

to have higher stiffness than that of perpendicular fastening, for the stiffness values of 

groups NI6, SZIP, and SZIF made with 45-degree fastening, compared to groups NP6, 

SZPP and SZPF, were increased by 23%, 17%, 33%, respectively, except for group SSIP, 

the stiffness of which was decreased by 32% compared to group SSPP.  Experiment on 

double-shear connections loaded parallel to the grain with inclined screws done by Tomasi 

(2010) also noted that self-tapping screw connection with a 45-degree fastening achieved 

a stiffness per fastener of 14.37 kN/mm, which is around 6 times larger than that of 

perpendicular fastening, with a stiffness per fastener value of 2.26 kN/mm. 
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Figure 4.16 The means and standard errors of initial stiffness (K) of 9 groups tested 

(The bars stand for the standard error.) 
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4.3.2.3.2 Load Capacity 

As shown in Figures 4.17-19, for the yield load, the 45-degree fastening arrangement 

received lower yield load than that of perpendicular fastening, for the yield loads of groups 

NI6, SZIP and SSIP decreased by 24%, 11% and 3%, respectively, compared to groups 

NP6, SZPP and SSPP, apart from the screw ‘Zinc Coat Fully’ as the yield load of SZIF 

increased by 15% than that of SZPF.  Furthermore, derived engineering parameters from 

test data showed that the load at peak/failure of groups NI6, SZIP and SZIF decreased by 

27% / 27%, 17% / 17% and 11% / 10%, respectively, compared to those of groups NP6, 

SZPP and SZPF.  However, this pattern was not agreed by test group made with the screw 

‘stainless-steel partially’, that is, the peak load of group SSIP increased by 2% while the 

failure load decreased by 21% compared to that of SSPP.  This suggested that the 45-degree 

fastening arrangement received lower peak load as well as lower failure load than that of 

perpendicular fastening except for the screw ‘stainless-steel partially’, with its 45-degree 

fastening obtained relatively similar peak load to its perpendicular fastening did.  

 

As expected, use of a larger fastener diameter leads to higher load capacity.  NP8 achieved 

higher loads at yield, peak and failure of 27%, 23% and 23%, respectively, than NP6. 

 

In summary, the screw-type connections performed better in terms of load capacities at 

yield, peak or failure, among which the perpendicular fastening of screws “Zinc Coat Fully 

(SZPF)” appeared to have the highest peak load as well as the highest failure load, which 

were 34% and 33% higher than those of the reference group NP6.  Nonetheless, it is not 

the same case with the yield load, for the perpendicular fastening of the screws “Zinc Coat 
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Fully (SZPF)” only appeared with the second highest yield load, which was 35% higher 

compared to group NP6.  The 45-degree fastening arrangement of the screws “Zinc Coat 

Fully (SZIF)” occupied the highest yield load, which was 50% higher compared to the 

reference.  The reason for screw-type connections received relatively higher performance 

in regards to the load capacity could be due to higher fastener bending strength provided 

by screws and the higher withdrawal resistance. 
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Figure 4.17 The means and standard errors of yield load (Fyield) of 9 groups tested 

(The bars stand for the standard error.) 
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Figure 4.18 The means and standard errors of peak load (Fpeak) of 9 groups tested   

(The bars stand for the standard error.)  
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Figure 4.19 The means and standard errors of load at failure (Ffailure) of 9 groups tested  

(The bars stand for the standard error.)    
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4.3.2.3.3 Ductility  

In this study, with the calculated D values and the ductility classifications presented in 

Table 4.13, all 9 tested groups were classified as high ductility level.  As Smith et al. (2006) 

claimed, if the control elements (joint connection in this case) were designed to fail with 

high ductility, non-brittle system failure can be enforced, and it is recommended that only 

connection types capable of achieving high ductility classification with minimal 

degradation be permitted for use in structural design. 
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Table 4.13 Ductility ratio and ductility classification for 9 groups tested 

Fastener 

Type 

Test 

Group 
Replicates Ductility Ratio Ductility Classification 

Galvanized 

Spiral Nail 

NP6 9 27.69 (45) High ductility 

NI6 7 52.98 (30) High ductility 

NP8 9 27.21 (21) High ductility 

Self-

tapping 

Screw 

SZPP 9 18.77 (19) High ductility 

SZIP 6 30.25 (23) High ductility 

SZPF 9 14.13 (25) High ductility 

SZIF 6 24.86 (24) High ductility 

SSPP 9 29.47 (24) High ductility 

SSIP 8 21.58 (39) High ductility 

Note: the values in parentheses are CoVs (%). 
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4.3.2.3.4 Summary 

The mechanical properties of the fastener connections would contribute greatly to the 

reinforcement of an MLT assembly, that is, fastener connections can force laminations 

working together to resist the external load and therefore reduce the deformation of the 

bridge decks and vertical slip between lamination.  Low stiffness and low load capacity 

that the fastener connections offer may induce vertical slip and therefore introduce cracking 

to the pavement layer.  Once the pavement cracked, water would get involved to decay the 

wood and rust out the fastener.  In a real service condition, stiffness and yield load are the 

most essential parameters for evaluating the structural performance of an MLT panel. 

 

In this study, the joint behaviors of the specimens made with different fastener types (i.e. 

nails and screws), different fastener diameters and different fastening orientations relative 

to loading direction (i.e. perpendicular and 45-degree to the loading direction) were 

experimentally investigated and compared in terms of stiffness and load capacity.  The 

perpendicular fastening arrangement of the nail “galvanized spiral nail 80d” and the 45-

degree fastening arrangement of screw “zinc coat partially” are recommended for their 

20%/26% higher stiffness and 27%/21% higher yield load than that of the reference group 

(perpendicular fastening arrangement of the nail “galvanized spiral nail 60d”). 

 

Table 4.14 provides a cost statement on the fasteners used in this study.  Compared to 

“galvanized spiral nail 60d”, the unit price of “galvanized spiral nail 80d”, “zinc coat 

partially”, “zinc coat fully”, and “stainless-steel partially” are increased by 162%, 176%, 

395% and 405%.  However, such an increase could be minimal compared to the overall 
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cost of a timber bridge.  An increase in the lifespan of a timber deck using the recommended 

nails or screws could be expected, which would well offset the cost increase of fasteners. 

A further cost analysis will be conducted at the end of the research program, which will be 

then reported somewhere.    

 

  



 

131 

 

Table 4.14 Fastener cost statement 

Fastener Type Brand Name Cost per fastener (dollar) 

Galvanized Spiral Nail Paulin 
60d 0.37 

80d 0.97 

Self-tapping Screw 
SWG 

GmbH 

Zinc coat partially 1.02 

Zinc coat fully 1.83 

Stainless-steel 

partially 
1.87 
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4.3.3 Failure Modes 

The failure of a specimen is defined as a load value when the load decreases to 80% of the 

peak load recorded during the test or when severe damage appears in the specimen.  Figure 

4.20 showed an example of a double-shear connection specimen before and after testing, 

from which it can be seen that the specimen failed with considerable slip in the middle 

lumber and subsequently wood splitting.  Overall, there were three failure modes observed, 

namely fastener bending, fastener withdrawal and wood splitting.  It was also found that 

the majority of the specimens made with perpendicular fastening failed with no or little 

damage to the wood, and with fasteners yielding in a “U” shape without plastic hinges on 

either side (Figure 4.21).  The fastener withdrawal occurred in test group NP8, where the 

side member of the specimen failed because of the low withdrawal strength in nails, and in 

test group SSPP, where a considerable displacement was noted (Figures 4.22(a) and 

4.21(f)).  The wood splitting was a result of the initiation and propagation of a crack(s) 

from the connection in the direction parallel to the grain of lumber, which mainly occurred 

in test groups SZIP, SZIF, and SSIP (Figure 4.22(b)).   

 

Based on Figure 4.1, the failure mechanisms drawn from Johansen’s Theory, the 9 test 

groups can be classified according to the observed failure on their cross-sections, as shown 

in Figure 4.21.  The information of classification is listed in Table 4.15.  
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Figure 4.20 Double-shear-nail specimen before (up) and after (down) the testing 
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                       (a) NP6                          (b) NI6                         (c) NP8 

 

                            (d) SZPP                       (e) SZPF                       (f) SSPP 

 

                            (g) SZIP                       (h) SZIF                       (i) SSIP 

Figure 4.21 Observed failure at cross-section of 9 groups tested with plastic hinges 

marked using solid triangles 
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Table 4.15 Failure mechanism classification based on observed failure for 9 groups tested 

Fastener 

Type 

Test 

Group 

Number of 

Plastic Hinge 
Location Failure Mode 

Galvanized 

Spiral Nail 

NP6 1 Middle Lumber Mode II                        

NI6 2 Middle/Side Lumber Mode III 

NP8 1 Middle Lumber Mode II                        

Self-

tapping 

Screw 

SZPP 1 Middle Lumber  Mode II                        

SZIP 2 Middle/Side Lumber Mode III 

SZPF 1 Middle Lumber Mode II                        

SZIF 2 Middle/Side Lumber Mode III 

SSPP 2 Middle/Side Lumber Mode III 

SSIP 2 Middle/Side Lumber Mode III 
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(a) Fastener withdrawal 

 

(b) Wood splitting 

Figure 4.22 Observed external failure for 9 groups tested 
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4.3.4 Comparison of Johansen-Predicted Values with Experimental Results 

With the result values derived from fastener bending and wood embedment tests, yield load 

per fastener could be predicted based on Johansen’s Theory.  The minimum calculation 

values and the associated governing failure mechanisms that derived based on Equation 

4.1-4.4 are presented in Table 4.16.   

 

According to prediction, failure mechanism Mode II dominated the double-shear 

connections made with nails 60d, 80d and screws zinc coat partially, zinc coat fully, 

meanwhile, failure mechanism Mode III governed the double-shear connection made with 

screw stainless-steel partially.  The reason for screw stainless-steel partially exhibited 

different predicted failure mechanism from other fasteners could be due to screw stainless-

steel partially had lower fastener bending strength, which illustrated in Table 4.7 

 

In Table 4.17, the predicted yield load (for 4 fastener) and the associated failure 

mechanisms for the five perpendicularly fastened test groups are presented.  The 

corresponding experimental yield load as well as the classified failure mechanisms are also 

presented in Table 4.17. 
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Table 4.16 Prediction of Yield Loads using Johansen’s Theory 

Fastener 

Type 
Name 

Johansen-predicted 

value (kN)  

Failure 

Mechanism 

Galvanized 

Spiral Nail 

60d 4.14  Mode II 

80d 7.43  Mode  II 

Self-tapping 

Screw 

Zinc coat partially 4.85  Mode  II 

Zinc coat fully 5.12  Mode  II 

Stainless-steel partially 3.93  Mode  III 
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Table 4.17 Comparison of Johansen-predicted values with experimental results for 5 

perpendicularly fastened test groups 

Fastener 

Type 
Test Group 

Predicted value 

(kN) 

Experimental value  

(kN) 

Relative 

error (%) 

Galvanized 

Spiral Nail 

NP6 16.56 (Mode II) 15.42 (Mode II) 7 

NP8 29.72 (Mode  II) 19.57 (Mode II) 34 

Self-tapping 

Screw 

SZPP 19.40 (Mode  II) 20.35 (Mode II) 5 

SZPF 20.48 (Mode  II) 20.79 (Mode II) 2 

SSPP 15.72 (Mode  III) 19.81 (Mode III) 26 
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It was found that the predicted yield loads were over-estimated by 7% and 34% for nails 

60d and 80d, respectively.  The reason for this might be that the experimental values of 

yield load were lower than expectation.  During the double-shear connection test, the 

friction between lumber members was not ignored.  This resulted in a relatively higher 

initial stiffness (K), therefore a lower yield load was derived because 5% offset method is 

used.  Also, another reason might be as Jorissen (1998) stated that if more than one fastener 

was used in a connection, the load-carrying capacity per fastener was lower than that 

predicted by Johansen’s Theory.  This is mainly caused by non-uniform load distribution 

between the fasteners at the time of failure. 

 

For screw connections, the predicted yield loads were smaller than experimental yield load 

in general.  The predicted yield loads for screws zinc coat partially, zinc coat fully and 

stainless-steel partially were 95%, 99% and 79% of the experimental values, respectively, 

which indicated that Johansen’s Theory provided reasonable predictions of yield loads for 

connections fabricated with screws.  In addition, it can be concluded that Johansen’s 

Theory correctly predicts the failure mechanisms formed during the experiment. 
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4.4 Conclusions and Future Work 

This chapter was focused on the investigation of improved fastener design for mechanically 

laminated timber bridge decks with better structural performance and longer service life. 

The following conclusions could be drawn: 

 

 The stiffness values of groups made with screws, except for perpendicular fastened 

screw “zinc coat fully” and 45-degree fastened “stainless-steel partially”, are higher 

than that of reference group (perpendicular fastened nail 60d).   

 The timber connections with 45-degree fastening arrangement could achieve higher 

stiffness and lower load capacities than that of perpendicular fastening.   

 Johansen’s Theory correctly predicted the failure mechanisms that observed in 

perpendicularly fastened connection tests. 

 Nail “galvanized spiral 80d” and screw “zinc coat partially” were recommended 

for making connections of a perpendicular and a 45-degree fastening arrangements, 

respectively. 

 

Further research is recommended to investigate the long-term performance of the full-scale 

mechanically laminated timber bridge decks under cyclic load with the fastener design, 

which will be conducted by another team member. 



 

142 

 

References 

ASTM International. (2017). Standard Test Method for Determining Bending Yield 

Moment of Nails. Designation D1575, ASTM International, West Conshohocken, PA, 

USA. 

ASTM International. (2013). Standard Test Method for Evaluating Dowel-Bearing 

Strength of Wood and Wood-Based Products. Designation D5764, ASTM 

International, West Conshohocken, PA, USA. 

ASTM International. (2012). Standard Test Methods for Mechanical Fasteners in Wood, 

Designation D1761, ASTM International, West Conshohocken, PA, USA. 

ASTM International. (2013). Standard Test Methods for Bolted Connections in Wood and 

Wood-Based Products. Designation D5764, ASTM International, Philadelphia, PA, 

USA. 

Blass, H. J., Bienhaus, A., Kramer, V. (2001). Effective bending capacity of dowel-type 

fasteners. Joints in Timber Structures, Stuttgart, Germany. 

Canadian Standards Association (CSA). (2014). Canadian Highway Bridge Design Code, 

CSA S6-2014, Standards Council of Canada, Ottawa, ON, Canada 

Canadian Standards Association (CSA). (2014). Engineering Design in Wood, CSA O86-

2014, Standards Council of Canada, Ottawa, ON, Canada 

Canadian Standards Association (CSA). (2014). Softwood Lumber, CSA O141-

05(R2014), Standards Council of Canada, Ottawa, ON, Canada.  

Canadian Standards Association (CSA). (2003). Wire Nails, Spikes and Staples, CSA 

B111-1974(R2003), Standards Council of Canada, Ottawa, ON, Canada.  

 



 

143 

 

Forest Products Laboratory, FPL. (2010). Wood Handbook : Wood As an Engineering 

Material, U.S. Dept. of Agriculture, Forest Service, Forest Products Laboratory, 

Madison, WI, USA. 

Haller, P. (1999). Timber Joints in Joint Research. Final report of Timber Joints. COST 

C1, Semi-rigid Timber Joints - Structural Behavior, Modelling and New 

Technologies, 11-20. 

Johansen, K. W. (1949). Theory of timber connections. Int Assoc Bridge and Struct Eng, 

9: 249-262. 

Johnsson H. (2004). Plug shear failure in nailed timber connections. Ph.D. Thesis. Lulea 

University of Technology, Lulea, Sweden. 

Jorissen, A. J. M. (1998). Double shear timber connections with dowel type fasteners. 

Ph.D. Thesis. Delft University of Technology, Delft, Netherlands. 

MacDonald, G. (2017). Personal communication. Department of Transportation and 

Infrastructure, Province of New Brunswick, Canada. 

Muñoz, W., Mohammad, M., Salenikovich, A., & Quenneville, P. (2008). Determination 

of yield point and ductility of timber assemblies: in search for a harmonised approach. 

Proc of Meeting 41 of CIB-W18, St Andrews, Canada. 

Murty, B. (2006). Wood and engineered wood connections using slotted-in steel plate(s) 

and tight-fitting small steel tube fasteners. Master Thesis. University of New 

Brunswick, Fredericton, NB, Canada. 

Ontario Highway Engineering Division. (1983). Ontario Highway Bridge Design Code, 

Ministry of Transportation and Communication, Toronto, ON, Canada.   



 

144 

 

Wu, Guofang. (2018). Personal communication, the Wood Science and Technology 

Center, the University of New Brunswick, Fredericton, NB, Canada. 

Smith, I., Asiz, A., Snow, M. (2007). Performance of mechanical fasteners used with 

engineered wood products (Report No. UNB75). Natural Resources Canada, 

Fredericton, NB, Canada. 

Smith, I., Asiz, A., Snow, M., & Chui, Y. H. (2006). Proposed Canadian / ISO Approach 

for Deriving Design Values from Test Data. International Council for Research and 

Innovation in Building and Construction Working Commission W-18 (Timber 

Structures), Florence, Italy, Aug 28-31. 

Smith, I., & Frangi, A. (2008). Overview of design issues for tall timber buildings. 

Structural Engineering International 18(2); 141-147. 

 

 

 

 



 

145 

 

5 General Conclusions and Recommendations 

5.1 General Conclusions 

This thesis consists of six chapters, within which Chapter 3 and 4 form the main body of 

the work.  Chapter 3 presents the long-term moisture content monitoring system developed 

with the purpose of understanding the change in moisture content (MC) of bridge decks 

made of nail-laminated timber (NLT), which is commonly used in New Brunswick, 

Canada.  To date, the on-site moisture monitoring systems have been operating over two 

years on two newly-built NLT bridge decks in New Brunswick, namely Clark Mill Pond 

and Shikatehawk No.5.  It was shown that the electrical resistance method and chosen 

equipment worked well for long-term on-site moisture content monitoring.  The following 

conclusions could be drawn: 

 

 During the monitoring periods, it was found that the MC values varied from 9.9% 

to 18.2% and 12.8% to 19.7% for Bridge Clark Mill Pond over 239 days and for 

Bridge Shikatehawk No.5 over 189 days, respectively.  The resulting differences in 

moisture content would decrease the strength properties of NLT deck. 

 The MC values of timber bridge decks measured during the monitoring period were 

less than 20%, suggesting that the NLT bridge decks would likely not be prone to 

rotting caused by biotic attack. 

 

In summary, long-term MC monitoring could provide an effective method for recording 

the MC values and understanding the MC variation over time, providing the first-hand 
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information for inspecting timber bridges and analyzing the problems caused by MC such 

as decay of timber decks and gaps formed between laminations. 

 

Chapter 4 aims at evaluating the joint behavior with the purpose of developing a more 

suitable type of mechanically laminated timber bridge decks that could obtain higher 

stiffness without decreasing the load capacity, and this could be reached in terms of 

developing improved fastener design(s) by considering the parameters such as fastener 

type, fastener dimensions, and fastening design.  Theoretical predictions with Johansen’s 

Theory were made with five different types of fasteners including two types of nails, 

namely galvanized spiral nails 60d and 80d, and three types of screws, namely zinc coat 

partially threated self-tapping screw, zinc coat fully threated self-tapping screw and 

stainless-steel partially threated self-tapping screw.  Double-shear connection tests were 

designed and conducted via a universal electromechanical testing machine with reference 

to ASTM Standard.  The stiffness and load capacity of each fastener design were calculated 

and analyzed.  Johansen-Predicted values and experimental yield load values were 

compared.  It was found that: 

 

 The stiffness values of groups made with screws, except for perpendicular fastened 

screw “zinc coat fully” and 45-degree fastened “Stainless-steel partially”, are 

higher than that of reference group (perpendicular fastened nail 60d).   

 The timber connections with 45-degree fastening arrangement could achieve higher 

stiffness and lower load capacities than that of perpendicular fastening.   
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 Johansen’s Theory correctly predicted the failure mechanisms that observed in 

perpendicularly fastened connection test. 

 Nail “galvanized spiral 80d” and screw “zinc coat partially” were recommended 

for making connections of a perpendicular and a 45-degree fastening arrangements, 

respectively. 
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5.2 Recommendations and Future Research 

As for the recommendation, in terms of the fastener design, the perpendicular fastening 

arrangement of nail “galvanized spiral 80d” and the 45-degree fastening arrangement of 

screw “zinc coat partially” were recommended for manufacturing the innovative type of 

mechanically laminated timber bridge decks, due to its competitive stiffness and load 

capacity. 

 

In addition, further research is strongly needed on the following aspects: 

 

 The moisture monitoring study shall continue to be used with the aim of 

establishing the database over the life span of monitored timber bridges.   

 Further research shall investigate the method for calculating the load resistance of 

fastener that placed in an inclined position, i.e. 45-degree fastening.   

 Further research shall investigate the effects of the number of nails “galvanized 

spiral 60d” and nailing patterns on the joint performance and compare with the 

results from this thesis work. 

 It is recommended to investigate the long-term performance of the full-scale 

mechanically laminated timber bridge decks under cyclic load with the fastener 

design, which will be conducted by another team member. 
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Appendixes 
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Appendix A: Instruction for Equipment Installation at Bridge Clark Mill Pond 

General Information 

To get a better understanding of moisture content (MC) variations of timber bridge decks 

under local weathering conditions, equipment for MC monitoring will be installed in a local 

bridge’s timber decks and will take readings for about one year. 

Clarks Mill Pond, the selected bridge, is located at Route 104, about 17km north of 

Nackawic, NB. The bridge decks of Clarks Mill Pond (Figure 3) is longitudinal Nail-

Laminated Timber (NLT) bridge decks with the size of about 23m by 7m.   

A set of measuring equipment consists of a moisture meter, a temperature sensor (data 

logger), 8 pairs of Teflon insulated electrodes, and 2 temperature external sensors. 

Temperature sensors should be installed at the same depths as that of the electrodes for the 

temperature compensation calibration.   

 

Measuring Point Distribution 

 

Measuring points are located symmetrically at the bottom face of the bridge.  In total there 

are 10 measuring points including 4 points for 25mm Teflon insulated electrode, 4 points 

for 15mm Teflon insulated electrode, 1 point for external temperature sensor at 15mm 

depth, and 1 point for external temperature sensor at 25mm depth. Each moisture content 

measuring point always consists of one pair of electrode with a distance of 30mm in 

between. The orientation of the electrodes per pair is perpendicular to the grain.  Symbols 

are used to illustrate the measuring point’s positions. White circle represents the 25mm Teflon 

insulated electrode; black circle represents the 15mm Teflon insulated electrode; square 
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represents temperature sensor embedded at  25mm depth; oval represents temperature sensor 

embedded at 15mm depth.  See Figure 1.  It should be noticed that the depicted positions of 

the electrodes might not represent the actual setup because of the existence of beams and braces 

under the bridge decks. The measuring point locations could be flexible, but all electrodes must 

be positioned in one single lumber  
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Figure A.1 Bridge Clark Mill Pond measuring points plan 
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Application 

 

Pre-drilling is needed in order to guarantee the vertically inserting of the electrodes. Thus, 

for the electrodes application, the first step is that 3mm diameter holes with a depth of 

25mm or 15mm should be pre-drilled at the targeted positions. Each targeted position 

consists of 2 pre-drilled holes with a distance of 30mm perpendicular to the grain. These 2 

pre-drilled holes should be positioned in one single lumber. Electrodes should be hammed 

in after the pre-drilling. 

 

Likewise, temperature sensors should be plugged into the pre-drilled hole with a depth of 

25mm or 15mm at the targeted positions. Each targeted position consists of 1 pre-drill hole. 

This pre-drilled hole should be positioned in the middle of the lumber. Thermal compound 

glue could be applied for the concern of fixation. 
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Appendix B Time Series Curves during Monitoring Period 
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Appendix C Load-displacement Curves 

 

(a) NP6 

  



 

163 

 

 

(b) NI6 
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(c) NP8 
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(d) SZPP 
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(e) SZIP 
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(f) SZPF 
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(g) SZIF 
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(h) SSPP 
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(i) SSIP 
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