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ABSTRACT 

Nailplated timber trusses, manufactured from timber members connected by 

nailplates, are widely used in the domestic and international housing market as part of the 

roofing and flooring systems. The extensive use of these structural elements is driven 

primarily by their cost efficiency, resulting from an efficient manufacturing process, and 

their structural efficiency. The use of such trusses however is typically limited to 

protected (or indoor) environments due to a phenomenon called “nailplate backout”. 

Nailplate backout is where the steel nailplate, used to connect two timber members 

together, separates from the parent timber. It is primarily caused by the repeated shrinking 

and swelling of the timber in response to changing environmental conditions. This 

moisture driven backout presents a significant hurdle to the expansion of the nailplated 

timber truss market for external use (and potentially application in the emerging mid-rise 

timber building market where the internal climatic conditions are relatively unknown).  

As part as a collaborative project between the industry, Griffith University and 

Queensland Department of Agriculture and Fisheries (DAF), this thesis aims at 

investigating solutions to both prevent backout of the nailplates and increase the 

performance of trussed joints when exposed to large moisture content variations and to 

develop the understanding of moisture driven nailplate backout through experimental and 

numerical modelling.  

Initially an investigation into redesigning the nailplate tooth to reduce the 

moisture driven backout was conducted. The proposed tooth redesign considered (i) two 

mechanical approaches consisting of redesigning the tooth profile and (ii) the application 

of an adhesive to a redesigned tooth profile. The effectiveness of the new designs was 
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assessed using single nails, representative of a single nailplate tooth, with respect to their 

ability to resist moisture driven backout and their quasi-static withdrawal resistance after 

an increasing number of moisture cycles. Results indicated that the mechanical and 

adhesive approaches could effectively reduce the backout and obtain a higher withdrawal 

strength than currently used profiles.   

The re-designed tooth profiles were then adapted and implemented into a full 

nailplate to investigate if the results from single tooth would translate to a nailplate joint, 

particularly after the joints were subjected to severe accelerated moisture cycles.  One 

mechanical-based and one adhesive-based nailplate design were considered and 

compared to currently commercially available nailplates. The backout of the nailplate was 

recorded at discrete intervals and the tensile capacity of the joint was also investigated. 

Findings included a reduction in the rate of backout and a statistically significant increase 

in tensile capacity in most cases for both proposed designs.  

Finally, this thesis proposes an analytical model to predict moisture driven 

backout as a function of the timber properties, tooth profile and climatic conditions that 

the joint will be exposed to. The model was validated against experimental data where 

the backout of a single tooth was pressed into a timber piece and monitored in real time 

using digital image correlation. The application of the model is then demonstrated by 

predicting the expected range of nailplate backout in two roof spaces.  
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 CHAPTER 1  

   

INTRODUCTION 

1.1 BACKGROUND 

Nailplated timber trusses are widely used in the domestic and international 

housing market as part of the roofing and flooring systems. The extensive use of these 

structural elements is driven primarily due to their cost efficiency resulting from an 

efficient manufacturing process and their structural efficiency. Overall, the nailplate truss 

market represents 13.2% of the $5.7 billion Australian’s “Wooden Structural Component 

Industry” (Allday, 2019). 

Nailplated timber trusses have been used for more than 50 years and consist of a 

series of joints manufactured by pressing nailplates into both sides of two or more 

adjacent sawn timber or laminated veneer lumber (LVL) members (Wood Solutions, 

2018). The nailplates are pressed into the timber generally using specialist pressing 

equipment but can sometimes be hand hammered. When flooring trusses are made, sawn 

or engineered timber top and bottom cords are typically separated by die-punched steel 

webs to connect to the timber. 

Nailplates are manufactured by die-punching or stamping closely spaced teeth (6 

to 10 mm long) from approximately 1 to 2 mm thick steel plates. One of the first iterations 

of the nailplate was proposed by (Atkins, 1962) and multiple variations have been 

proposed up until the design proposed by Smith et al. (1988) 30 years ago. Smith et al. 

(1988)’s design is generally the design basis for nailplates currently used by Australia’s 
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manufacturers and is shown in Figure 1-1. The design aims at maximising the teeth 

number to plate area ratio by having two teeth cut per punched hole.  

 

Figure 1-1 Nailplate tooth profile patent by Smith et al. (1988). 

 

1.2 PERFORMANCE OF NAILPLATES AND PROBLEMS ARISING FROM 

THEIR USE  

The performance of nailplates under load is primarily dependent on the friction 

generated between the timber and the embedded nailplate tooth (Melton, 2000). It is 

widely known and accepted throughout the industry that some nailplates will backout 

from the parent timber, which reduces the friction interface and consequently affects the 

performance of the joint. The effect of nailplate backout has been reported by Paevere et 

al. (2009) and Neilson (1999) where 1 mm of backout can result in a 25% and 18% loss 

in loss in joint strength respectively. Concerns were presented by Paevere et al. (2009) 

who found evidence of nailplate backout occurring in a number of residential homes and 

these concerns were mirrored by Mulitnail, a major nailplate manufacturer in Australia. 

The occurrence, rate and magnitude of backout is commonly unpredictable and it 

does not occur in all conditions (Melton, 2000, Paevere et al., 2009, Walkup et al., 2016). 

However, excluding manufacturing issues, the primary cause of this backout is commonly 

caused when the truss is exposed to an environment that induces significant changes in 

moisture content (MC) of the timber (e.g. where the variation of relative humidity (RH) 

and/or temperature is high). As the timber shrinks and swells in response to its changing 
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MC, the nailplates are driven out from the timber. Photos of moisture driven backout are 

given in Figure 1-2. It is a result of this phenomenon that nailplated timber trusses are 

primarily limited to use in indoor environments where the system is protected from direct 

contact with water and large variations in temperature and humidity.  

 

  

Figure 1-2 Photos of moisture driven backout 

 

Despite the economical nature of nailplated trusses in terms of both manufacturing 

and erection, the restriction of nailplated trusses being only viable in indoor environments 

results in a lost opportunity for the timber industry. A potential application for nailplated 

timber trusses in the open environment is for instance lightweight timber bridges.  

1.3 OBJECTIVES AND SCOPE 

The project was driven by a publication by Forest & Wood products Australia 

titled “Mechano-Sorptive Nailplate Backout in Nailplated Timber Trusses” and authored 

by Paevere et al. (2009) who identified that nailplate backout was occurring within a 

number of building envelopes, something that was not thought to have being a problem. 

While Multinail shared the concerns since the backout phenomenon is not well 

understood and its occurrence is somewhat unpredictable, they were also interested in 

extending the use of nailplated timber trusses to external environments.  With this in 

mind, the project aimed to: 

a) Identify and investigate potential mechanical solutions to prevent moisture driven 

nailplate backout through the re-design of a nailplate tooth. 
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b) Identify and investigate potential adhesive solutions to prevent moisture driven 

nailplate backout.  

c) Fully investigate the efficiency of the tooth redesign on the nailplated joint 

capacity after moisture driven backout through experiments. 

d) Experimentally investigate the time dependent moisture driven backout 

mechanisms to further develop the understanding of nailplate backout.  

e) Develop a numerical model that can predict the time dependent nailplate backout 

mechanisms which will eventually allow the user to predict if moisture driven 

backout is likely to occur and the associated rate and magnitude of backouts 

expected.   

1.4 METHODOLOGY 

The objectives of this research are achieved as follows: 

a) Firstly, an investigation into if moisture driven backout can be prevented by re-

designing the tooth profile was performed. The approaches taken to re-design the 

tooth profile centred around either a purely mechanical or an adhesive approach. 

Single teeth with various tooth designs were manufactured and pressed into timber 

pieces. The timber pieces were exposed to moisture cycling and the backout after 

each cycle was recorded. At various stages throughout the moisture cycling 

process samples were removed and the withdrawal resistance of the tooth was 

determined.  

b) In order to investigate if the re-designed single tooth performance is transferable 

to a full nailplate, one mechanical design and one adhesive design were 

incorporated into a full nailplate. 280 nailplated joints (half of which represented 

control samples) were manufactured and were subjected to between 0 and 12 

accelerated moisture cycles. The nailplate backout was monitored at discrete 
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intervals and the joints capacity investigated. Observations were made regarding 

the rate of nailplate backout, the effect of backout on joint strength, and failure 

modes of the joints.  

c) The monitoring and observation of backout were investigated in real-time using 

digital image correlation. Single nails, representative of a single nailplate tooth 

were pressed into a timber sample and the backout relationship between the nail 

and the timber surface was recorded. The results of this experimental program 

form the validation for a predictive nailplate backout model. 

d) A two-dimensional model was developed to predict the rate and magnitude of 

backout over time and its accuracy was verified against the experimental tests. 

The model uses the climatic conditions and timber properties as inputs. The model 

uses a heat-mass transfer model known as TransPore (Redman et al., 2017) to 

predict the moisture gradient that is developed in the timber with changing 

moisture conditions. The resulting stress and deformation of the timber, due to the 

moisture gradient, is then determined through finite element analysis (FEA). 

Based on the stress gradient and the movement of the timber the backout is 

determined using static equilibrium.  

e) The use of the model was then demonstrated by investigating two non-sarked roof 

spaces, one in Rockhampton and the other in Melbourne, and predicting the rate 

and magnitude of expected backout.  

1.5 OUTLINE 

The thesis is structured as follows: 

a) Chapter One presents an introduction to the thesis 
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b) Chapter Two reviews the literature relevant to this thesis. General nailplate 

performance and development is reported. Then literature available on nailplate 

backout is presented.   

c) Chapter Three presents the findings from investigations into the redesign of the 

tooth profile. The new profiles are presented and their backout rates and 

withdrawal resistance are reported and commented on.  

d) Chapter Four presents the performance of two new nailplate redesigns. The 

proposed nailplates incorporate two of the designs investigated in Chapter Three. 

This chapter explains the accelerated moisture cycling procedure adopted to 

investigate the backout rate and the loss in joint performance after moisture 

cycling and recommends if an alternative nailplate design can resist backout. 

e) Chapter Five explores the real-time backout of a nailplate tooth using Digital 

Image Correlation (DIC) and then proposes a model to predict nailplate backout. 

The modelling process is discussed, and limitations identified. The model is then 

used to predict the nailplate backout in two different roof spaces.  

f) Chapter six draws conclusion on the research and makes recommendations for 

further investigations.  

1.6 PUBLICATIONS 

The following journal papers and conference papers are based on the research 

contained in this thesis. 

1.6.1 Journal Papers 

Mainey, A., Gilbert, B. P., Bailleres, H., Gunalan, S. & Smith, M. 2019. Solutions 

to reduce moisture driven backout and improve withdrawal strength of nailplates: 

Experimental investigations. European Journal of Wood and Wood Products, 77, 

257-269. (Accepted) 
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Mainey, A., Gilbert, B. P., Bailleres, H., Gunalan, S. & Smith, M. 2020 Capacity 

of innovative nailplated joints subjected to accelerated moisture cycling. 

European Journal of Wood and Wood Products Vol: 78 pp. 237-256. (Accepted) 

Mainey, A., Gilbert, B. P., Bailleres, H., Gunalan, S. & Smith, M. Time dependant 

moisture driven backout of nailplates: experimental investigations and numerical 

predictions. (Submitted to European Journal of Wood and Wood Products)  

1.6.2 Conference papers and extended conference abstracts 

Mainey, A. J., Gilbert, B. P., Bailleres, H., Gunalan, S. & Smithm. 2016. 

Mechanical and artificial improvement of nailplate connected timber trusses, 10th 

World Conference on Timber Engineering WCTE2016. Vienna, Austria.  

Mainey, A., Gilbert, B. P., Bailleres, H., Gunalan, S. & Smith, M. 2019. Capacity 

of nailplated joints with new tooth profiles and subjected to accelerated moisture 

cycling, ACMSM25 - 2020. Brisbane, Australia.  

Mainey, A., Gilbert, B. P., Bailleres, H., Gunalan, S. & Smith, M. 2019. 

Investigation of the moisture driven backout of nailplates using digital image 

correlation, 5th Pacific Timber Engineering Conference (PTEC). Brisbane 

Convention & Exhibition Centre. 
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 CHAPTER 2  

     

LITERATURE REVIEW  

2.1 INTRODUCTION 

The following literature review is broken up into four main areas of focus. Firstly, 

the development of nailplates is investigated mostly through an investigation of patent 

publications and manufacturing technology. This is followed by a brief overview of the 

whole truss element looking at different joint types, manufacturing processes and 

problems that arise during the manufacture of nailplated trusses.  

Secondly, the mechanical performance of nailplated joints will be explored. 

Testing methods and factors affecting performance of the joint are discussed 

Thirdly, moisture driven backout is investigated. Reports of nailplate backout 

from in-service trusses or experimental investigations are presented and discussed, 

including experimental techniques. The impact of backout on the nailplated performance 

is considered and measures to prevent and repair the backout are presented.  

Finally, an overview into previous nailplate backout techniques is explored and 

the tools (TransPore and CSIRO roof-space climate model) used to model nailplate 

backout behaviour in this paper are presented.   
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2.2 DEVELOPMENTS OF NAILPLATES 

2.2.1 Nailplate terminology and design iterations  

While the term nailplate appears to be the most common today, there have been a 

variety of names or terms used to refer to the nailplate throughout their 50+ years of use, 

some of which persist today. The cause of this is relatively unknown, although it is 

potentially driven by the propriety façade that the industry has being built on (Melton, 

2000) with names being given to aid with patent applications or driven by the 

manufactures name and/or specification. Some of the other names used for a nailplate 

include truss plates, metal plate connector (MPC) or metal connector plate, gang-nail 

plates, multi-tooth connector, punched metal plate, nail-plates and nail plates.  

The nailplates are used to connect timber members together to form a truss. The 

location of the nailplate and the timber member are often described by different names. 

Some of these names are given in Figure 2-1and Figure 2-2.  

 

 

Figure 2-1 Truss terminology from AS4440 Figure 1.1 (Standards Australia, 2004) 
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Figure 2-2 Truss terminology from AS4440 Figure 1.2 (Standards Australia, 2004) 

 

One of the earliest nailplates designed was patented in 1958 by West (1958) which 

featured “plurality” of  very short triangular teeth punched from light gauge steel (Figure 

2-3). This concept was taken further by Atkins (1962) who realised the need for longer 

teeth and a tooth shape with a larger inertia to resist buckling upon pressing into timber 

(Figure 2-4). Only a year later, Foley and Wood (1963) proposed a short-toothed design 

with a tooth profile featuring an innovative tooth profile and designed in such a way, that 

upon penetration into the timber, the tooth bends thereby creating vertical restraint against 

withdrawal in addition to the friction between the tooth surface and the timber (see Figure 

2-5). Many iterations have since being patented (Carol, 1965, Jureit, 1973, Moehlenpah 

and Moehlenpah, 1966, Rionda and Gottlieb, 1984, Schmitt and Hodges, 1972, Smith et 

al., 1987) with Jureit (1973) proposing the one of the more “novel” designs. Jureit (1973) 

proposed two innovate designs in his 1973 patent and are shown in Figure 2-6. The “saw-

tooth” design Figure 2-6 (a) and the bending design Figure 2-6 (b and c) were proposed 

to increase the withdrawal resistance of the nailplate and also use a lighter gauge steel, 

such that only one side the joint needed a nailplate. The premise of the bending design is 

that upon entry into the timber, the weakened area will bend in the weaker direction. So, 

if the bending directions are alternated, not only is the withdrawal resistance developed 
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from the friction between the tooth and timber, it is also formed from the tooth pulling on 

the timber fibres.  

Smith et al. (1988) published a design that features two teeth punched per hole 

(Figure 2-1). The premise of the design stems from the concept that nailplated joints 

primarily draw their strength from the friction that is generated between the timber and 

nailplate tooth and the design maximises this effect (Melton, 2000).  

Since this design, there has been limited evidence found of research into new 

nailplate designs although as part of Paevere et al. (2009)’s report into mechano-sorptive 

nailplate backout, the author suggested that the re-design of the tooth profile should be 

explored as one option to reduce moisture driven backout.  

The accessibility of test data and the performance of the aforementioned designs 

is limited. Wilkinson (1984) investigated the long-term deflection and strength 

characteristics of trusses made with nailplates (called tooth metal plate gusset in study) 

and with barbed metal-plate gussets (i.e. that shown in Figure 2-5). Truss deflections were 

recorded periodically and the trusses were then tested until failure after either 0, 5 10 or 

15 years of being under load in a testing facility. The two designs had comparable 

deflection performance (i.e. the long-term deflections were similar) however the 

nailplated truss was reported to have a 12% higher strength than the barbed truss.  

One study was presented by O'Regan and Woeste (2002) into the effect of tooth 

layout in affecting the withdrawal strengths of the nailplates. To study the best design for 

nailplates pressed into the end grain of railway sleepers, O'Regan and Woeste (2002) 

investigated the withdrawal strength of nailplates pressed into red oak wood. Several 

testing regimes were suggested and the withdrawal strengths of two different nailplate 

designs were quantified. The two designs differed only in the layout of the nails. It was 
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found that the plates with a staggered tooth pattern and increased number of rows of teeth 

have a higher withdrawal strength.  

 

Figure 2-3 Early design of Nailplate by West (1958) 

 

Figure 2-4 Early iteration of the nailplate by Atkins (1962) 

 

 

 

Figure 2-5 Early iteration of the nailplate by Foley and Wood (1963) 

 

(a) 
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(b) (c) 

Figure 2-6 (a) “Saw-tooth” design, (b) Tooth profile for bending upon embedment 

and (c) embedded tooth from (b) (Jureit, 1973) 

 

2.2.2 Truss manufacturing and issues arising from poor manufacturing  

Trusses today are most commonly manufactured by laying the timber to form the 

truss on a large bed and placing nailplates over and under the joint areas by hand. Large 

hydraulic presses (often with capacities in excess of 3000 kN) will then be moved over 

the joint area and the nailplate and the nailplate is then pressed into the timber. While the 

operation is performed in a factory, and hence has a higher degree of quality control than 

if the process was performed on site, it is still largely a manual process and the 

performance of the truss system depends on the accuracy of which the plates are placed 

over the joints (with correct orientation), the embedding pressure used, the quality and 

the current moisture content of the timber used and a number of other factors. When the 

manufacturing is done poorly, failure in the joint area can occur. Walkup et al. (2016) 

reported partial embedment of the nailplate can be due to different timber thicknesses, 

timber knots, unequal embedding pressure, low embedding pressure, spring back and 

cushioning where the spring back and cushioning are a result of species and 

environmental conditions while the others result from poor manufacturing techniques 

(Stubbersfield, N.D.). These environmental failures result from the shrinking and 
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swelling of the timber and are discussed in detail in Section 2.4. Common failures 

resulting from poor manufacturing are shown in Table 2-1.  

Table 2-1 Commonly observed failure mechanisms adapted from Paevere et al. 

(2009) 

Type of 

separation 
Diagram Possible cause 

Parallel 

 

 

Repeated shrinking-

swelling 

Manufacturing – low 

embedding pressure 

Taper 

 

Repeated shrinking-

swelling 

Curling/peeling 

 

Repeated shrinking-

swelling 

Heaving 

 

Manufacturing – gap 

between two members 

closing 

Doming 
 

 

Shrinkage – due to poorly 

conditioned timber 

initially used or moisture 

cycling 
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2.3 MECHANICAL BEHAVIOUR OF NAILPLATED JOINTS 

Neilson (1999) states that the trusses are highly dependent on the joint properties. 

The author further comments that, at least in Denmark, the serviceability criteria of 

deflection governs the design of many trusses.  

The performance of a nailplated truss is dependent on a wide range of factors 

(Dagher et al., 1997, Lau, 1987, Neilsen, 1999, Paevere et al., 2009, Walkup et al., 2016). 

Some of these factors are given in Table 2-2.  

Table 2-2 Nailplate joint features and considerations for joint performance  

Joint feature Consideration 

Timber Species specific properties including: 

- Strength 

- Stiffness 

- Expansion coefficients 

- Hardness 

- Imperfections  

Nailplate Manufacturer specific 

- Steel grade 

- Steel grade (i.e. thickness) 

- Tooth pattern 

- Number of teeth 

- Tooth design 

- Size of plates 

Overall joint  Joint location  

- Heel  

- Splice 

- Apex etc. 

Manufacturing quality 

- Contact between members 

- Embedment of nailplate 

- Correct thickness of timber 

Plate direction (teeth parallel or perpendicular to timber grain) 

Loading Load level  

Duration of load 

Direction of loads 

Environmental Repeated shrink-swell 

Corrosion of nailplate 

Degradation of timber 
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Stringer and Tan (1996) reported a relationship between the density and design 

strengths of nailplates in slash pine and commented on the fact that design standards at 

the time were overly conservative when high density timber was used while 

unconservative when using low density timber. This was because the design standard did 

not consider the density of the timber when assigning a strength capacity to the joint.  

Mackenzie and McNamara (1994) reported significant variation in the 

performance of nailplated joints with different nailplate designs. Up to 34% and 80% 

variation in the load per tooth was observed for parallel (or splice) joints tested 

immediately after nailplate pressing and “weathered” samples (6 days in external 

conditions) respectively. The difference in performance of the trusses was solely 

attributed to different nailplate designs. This finding stressed the importance of each 

nailplate manufacturer ensuring that their product is fit for the proposed purpose. This 

would require testing to be performed for each nailplate design and timber species in 

which the nailplate may be embedded into.  

Leicester and Lhuede (1992) reported on the importance of using seasoned timber 

when manufacturing trusses. The authors found that seasoning the timber for four weeks 

prior to joint construction increased the joint failure time from just four days to 24 days 

where the truss is constantly loaded at its design load.  

Nailplated joints failures due to loading typically fall into one of four types; i) 

tooth withdrawal, ii) steel failure iii) plug failure or iv) timber failure. Tooth withdrawal, 

sometimes called plate peeling, is the most common failure mode with such a failure 

shown in Table 2-3. Steel failure occurs when the net area of the steel is unable to resist 

the tensile stresses during testing. Plug failure, also called block shear failure (Van de 

Kuilen, 2008) will occur when the tension and shear capacities of the wood where the 

nailplate is embedded is exceeded (Johnsson, 2004). Wood failure will occur when the 
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capacity of the joint is stronger than the timber members of which it is comprised. This is 

not a common failure particularly since the nailplate is only embedded by 6-10 mm long 

teeth. 

Table 2-3 Tensile failure modes  

Plate withdrawal 

 

Metal plate (or steel) 

failure 

 

 
 

 

O'Regan and Woeste (2002) states that the withdrawal resistance is a good 

predictor of in-service performance of nailplates however comments that no testing was 

done to validate that.  

The mechanical performance of the joints are generally obtained by preforming a 

splice (or parallel) and a butt (or perpendicular) joint testing. In Australia, that testing is 

in accordance with AS1649 (Standards Australia, 2001). Guo et al. (2013) performed 

these two tests on Dahurian Larch lumber joints and found that all splice joints failed due 

to tooth withdrawal while the butt joint had either tooth withdrawal, timber failure or 

metal plate failure. The author also explored the effect of plate size on the capacity of the 

joints and observed an almost linear relationship between the plate size and the capacity 

of the joint (R2 = 0.72 and 0.83 for splice and butt joints respectively). 

A number of researchers (Leivo, 1991, Van de Kuilen, 2008, Wilkinson, 1984 

Groom, 1995, McAlister, 1990) have explored the long-term performance of nailplates. 

Leivo (1991) stated that the most important factors affecting the stiffness of a wooden 

structure (including nailplated trusses) are the effects of the load duration and the service 

conditions (i.e. climatic conditions). This comment was based on experimental results 
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where the deflection of a truss subject to sustained loads (between 50-100% of design 

load of the truss) was recorded over time. The author also explored the effect of the 

climatic conditions on the stiffness of the truss system by subjecting the truss to 

conditions that caused the moisture content of the timber to vary between 8 and 18% over 

an approximately one year with 4.5 x 75-day long cycles. The effect of changing moisture 

conditions resulted in higher creep values and large decreases in stiffness of the truss 

system.  The author made no comments or recording on if the extreme conditions that the 

trusses were subject to cause any backout of the nailplate. In contrast, Van de Kuilen 

(2008) reported a slight increase in strength after long term loading of a nailplated truss, 

however stiffness values were not provided, and the trusses were kept in a controlled 

environment for up to 6 years.  

2.4 NAILPLATE BACKOUT 

2.4.1 Causes, case studies and experimental investigations 

Experiments dating back to 1979 (Quaile and Keenan, 1979) can be found that 

noted or investigated the moisture-driven backout nailplate joints. Conference 

proceedings published by Leicester and Lhuede (1992) presented the accumulation of 10 

years of joint loading under which the joints were exposed to environmental conditions 

that could lead to moisture content variations within the timber between 5.8% and 15.6% 

depending on the time of the year. It is noted that the specimens were protected from 

external weathering as they were being held in a non-airtight shed.  The experiments by 

Leicester and Lhuede (1992) did not record the progressive backout of the nailplate, 

however they were instead focused on determining the residual strength and slip of the 

joint after extended periods of sustained loading and moisture cycling. The report 

identified a higher than average creep deflection during the spring months when the 

moisture content in the timber varied between the annual lowest of 5.8% and 12.9% 
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leading to the conclusion that the timber over drying is a significant issue. The report 

found that the loss of strength due to sustained loading in these nailplated joints was 

considerably more than commonly associated with structural lumber 

Melton (2000) investigated a series of residential houses (with a focus on floor 

trusses) in the United States of America (USA) where backout of the nailplate was 

reported. The author identified that the backout, while not widespread, occurred most 

around highly loaded or highly stressed joints. This backout resulted in the joint having a 

load capacity significantly lower than that accepted by standards. As part of the study, 

Melton (2000) investigated the cause of the nailplate backout and concluded that the in-

service loading of the joint was the most significant factor. The author noted that while 

there was evidence that poor manufacturing and framing techniques could initiate 

backout, these defects were discarded as primary contributors to nailplate backout as only 

joints with higher in-service loading consistently had increased backout. Indeed, it is very 

unlikely that the highly loaded joints were the only joints with manufacturing defects. 

The cause of backout and joint strength deterioration due to moisture cycling has 

varied across researchers. Mtenga et al. (2012) states that as the timber swells, the 

nailplate is either squeezed out of the timber to accommodate the increasing volume of 

timber, or the hole made by the embedded tooth is further damaged as the timber swells 

into the tooth thereby making the hole around the tooth larger. This increased hole or 

forced out tooth scenario results in less timber to tooth interaction (friction) which is 

reflected in the loss of joint capacity after the joint has experienced moisture cycling.  

Paevere et al. (2009) believes the cause of the backout is due to a ratcheting effect 

where the timber will swell in the presence of moisture and as it swells, it will “grab” the 

tooth and expand upwards with the tooth. Then during this drying phase, the tooth will 

re-penetrate the timber but only to a certain point, and not the full amount. This point is 
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either limited by a change in moisture condition or the fact that the hole beneath the tooth 

has closed-up. If the hole has closed up the timber will just slide along the tooth leaving 

the tooth “withdrawn” from the timber. Smulski (1993) observed that excessive heat and 

moisture caused the backout of the nailplates in floor trusses.  

Walkup et al. (2016) investigated the repair of trusses where backout had 

occurred. The authors state that the cause backout can be attributed it to the in-service 

drying of the timber as well as factors including different timber thicknesses, presence of 

knots near the nailplate, unequal or low embedding pressure of the nailplate and spring 

back of the nailplate as the timber relaxes around the teeth. It is noted that the amount of 

spring back is a function of the initial moisture content of the timber when the nailplate 

was embedded and the environmental conditions that the joint would be exposed to in the 

future.  

Groom (1995) describes the backout of the nailplates as being caused by the 

moisture hysteresis initiating dimensional changes in the lumber. Groom (1995) also 

found that the backout is very dependent on the amplitude of the MC variation. Eight MC 

cycles of a nailplated joint between 9 and 15% average MC, only resulted in a 3-4% 

backout of the tooth length (0.32 mm). This is compared to 17% (1.32 mm) of tooth length 

backout when the joints were cycled between 5 and 19% average MC over the same 

number of cycles. As part of the study, Groom (1995) investigated the remaining joint 

capacity after backout and found that after eight severe moisture cycles, there was a 1.5 

mm backout and a reduction in joint capacity and stiffness of 31 and 66% respectively.  

Walkup et al. (2016) and Groom (1995) through experimental investigations both 

reported backout of non-moisture cycled joints (i.e. control specimens) in the range of 

0.25 mm and 0.18 mm respectively.  



Page 22 

 

Quaile and Keenan (1979) reported as of 1972 there was no data available to 

report on the effect of moisture cycling and the expense of identifying this would not be 

justified for inclusion in the standards. Due to the lack of data available S347M (Canadian 

Truss Standard) required an 80% reduction in joint strength if green timber (MC greater 

than 19%). This requirement was based on testing by Wright (1977) who found that 

pressing plates in timber with an average moisture content of 15% and 30% (and tested 

at 8% MC) had reduced capacity by ~23% relative to plates pressed in and tested at 8% 

MC. The reason given was that the wood shrinkage cased partial withdrawal of the plate 

and in this case, the backout resulted in a “bowing” of the nailplate as shown in Figure 

2-7. 

 

Figure 2-7 “Bowing” or “Doming” of the nailplate caused by timber shrinkage 

after nailplate was pressed into timber 

O'Regan and Woeste (2002) gave the definition of backout being characterised by 

the initial relaxation followed by a shrinking and swelling behaviour of the timber.  

It has been recognised by many authors that the factors identifying backout are 

numerous and can include, grain direction, moisture content at time of manufacturing and 

throughout design life, timber species, nailplate design. In studies that have investigated 

case studies of backout (Melton, 2000, Paevere et al., 2009, Walkup et al., 2016), it has 

been revealed that the issue is not wide spread and there is a great deal of randomness as 

to whether backout will occur, and often a few key criteria need to be satisfied before 

backout occurs. However, it is universally agreed that external use of nailplated trusses 

would be inappropriate due to the backout phenomenon and when the nailplate backs out, 

there is significant loss in strength of the joint.  
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To account for this variability in trying to replicate backout through experimental 

regimes, many researchers have used randomised timber sampling to remove the variation 

in timber between two or more tested parameters (e.g. addition of glue to nailplate 

(Groom, 1995)). Generally, the stiffness (determined with through timber grading or 4-

point bending) of the timber board before joint/truss manufacturing was noted and used 

to reduce variation across the manufactured specimens. Competing joints were also 

attempted to be gathered from the same length of timber plank to further reduce the 

variation in sawing pattern.  

Some limited attempts have been made by Paevere et al. (2009) to characterise 

some of these conditions, such as timber sawing direction (e.g. quarter sawn vs back 

sawn), timber species (Radiata or Slash pine) and size of working load of the joint. 

However, the slow nature of the testing, in-consistent backout rates (Neilsen (1999), 

Walkup et al. (2016)), variability of timber as a material (growth rings, density, 

shrink/swell ratios etc.) and proprietary nailplate designs mean that a complete study of 

the likelihood of backout based on all and any of these factors is very difficult. 

The effect of load on nailplate backout was investigated by Paevere et al. (2009) 

where they found that applying a pre-load to nailplated joints increased the rate and 

amount of moisture-driven backout. The findings are summarised in Table 2-4. It is noted 

that joints that are more heavily loaded tend to back out more than joints loaded at 40% 

and less of their design level.  

Table 2-4 Recorded backout after 19 moisture cycles as reported in Paevere et al. 

(2009) 

Load Level (% of 

design load) 

Recorded Backout 

(mm) 

100 3.5 

90 1.7 

75 1.3 

40 0.7 

0 0.7 
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2.4.2 Impact of backout  

While there has been some research into the effect nailplate backout has on 

remaining joint strength, such as Groom (1995), Paevere et al. (2009), the studies are not 

exhaustive, and results are often in-consistent between researchers, likely due to the high 

number of factors that can affect the joint capacity. These factors include, timber species, 

nailplate type, loading level and type etc. as previously identified. While the main 

consensus is that moisture hysteresis causes nailplate backout and consequently reduced 

the loading capacity of the joint, the rate of nailplate backout and quantifiable loss in 

strength is largely unknown.   

McAlister (1990) investigated joints, tested in tension, which were exposed to 

either accelerated moisture cycling using the French V-313 accelerated aging procedure 

(specimen are soaked in 20oC water for 3 days, frozen at -12.2oC for 1 day, and dried at 

76.7oC for 3 days, all repeated three times), or natural weathering (exposed to external 

conditions in Whitehall, Ga. for 1 year). The paper found that there was approximately 

an 80 and 89% loss in joint stiffness due to accelerated and weather induced aging 

respectively of the joints manufactured using sawn timber relative to control (no cycles 

joints). There was between 1.27 and 1.54mm backout of the weather cycled plates pressed 

into sawn timber, between 0.254 and 0.762mm backout for LVL joints and interestingly 

no reported backout in joints manufactured with composite timber. During testing, there 

was reported evidence of internal drying cracks in the specimen which may have affected 

the joint capacity. The main recommendation from the study included that all trusses 

should be protected from the weather at all times due to potentially serious plate backout.  

A number of researchers ((Groom, 1995), Neilsen (1999), Paevere et al. (2009), 

Walkup et al. (2016), (Street, 2010), (Klein and Kristie, 1998)), have attempted to try 
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classify the magnitude of joint strength loss either due to nailplate backout or from only 

partial embedment during manufacturing. It has been acknowledged in the National 

design standard for metal plate connected wood truss construction (American National 

Standards Institute, 2014) and TPIC 2014 (Truss plate Institute of Canada, 2014) that 

backout reduces joint capacity and allowance must be made where backout could occur 

(see Table 2-5). The standards make allowances for backout (even so much so that they 

assume the nailplate will have some backout (a fully embedded plate has 120% of the 

design capacity, while a 1/32 inch (~0.8 mm) is the design load).  

A summary of the loss of strength in the joints, has been given in Table 2-6 where 

the amount of distance between the plate and the timber surface is paired against the 

reduction in strength. Interestingly, Walkup et al. (2016) found that joints with backout 

(or partial embedment) gaps of 2 mm (4 samples) and 4 mm (6 samples) had similar joint 

capacities, both of which were 40% less than joints with full embedment of the nailplate. 

Table 2-5 Allowances made in truss standards for nailplate backout on remaining 

joint strength 

Gap (mm) 

Remaining Strength ratio 

ANSI/TPI 1 (Amserican 

National Standards 

Institute, 1995) 

TPIC (Truss plate 

Institute of Canada, 

2014) 

0 1.19 1 

0-0.8 1 1 

0.8-1.6 0.6 0.4 

1.6-2.4 0.4 0 

2.4 0 0 

Table 2-6 Effect of backout on remaining joint strength 

Gap (mm) 

Remaining strength ratio 

Neilsen (1999) as reported 

in Walkup et al. (2016) 

Paevere et al. (2009) 

0 1 1 

1 0.82 0.75 

2 0.56 0.55 

3 0.3 0.3 

4 0.06 0 
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The loss of strength due to nailplate withdrawal is a similar phenomenon when 

considering steel timber nails. Prevatt et al. (2014) investigated the in-situ nail withdrawal 

strengths of nails used to hold down roof cladding in Florida, USA. The authors 

commented that high temperatures and thermal cycling as contributing to reductions in 

nail withdrawal capacity. There was significant variation in the results of the withdrawal 

tests and it was concluded that environmental factors, high roof temperatures, thermal 

and moisture cycling and aging were to account.  They also reported that the nail 

withdrawal capacities were positively correlated to the density of the embedded wood 

2.4.3 Prevention and repair 

Currently, when backout occurs, the common practice is to reinforce the joint with 

either through bolts and/or gusset plates (Walkup et al., 2016). However, in an ideal 

world, preventative measures would be preferred to restorative measures. Some limited 

attempts have been made to prevent nailplate backout entirely.  

Groom (1994) investigated the influence of coating the nailplate teeth with an 

epoxy resin on the backout rate and overall joint’s mechanical properties. Results showed 

that the epoxy coating had no influence on the backout rate after eight mild moisture 

cycles, consisting of a MC ranging between 9 and 15%. However, it proved effective in 

reducing the nailplate backout by approximately 25% after eight severe moisture cycles, 

i.e. with a MC ranging between 5 and 19%. The application of the epoxy also increased 

the strength and stiffness of the nailplated joint by up to 9% and 28%, respectively. While 

the increase in strength remained throughout all investigated moisture cycles, the increase 

in stiffness was rapidly lost. The epoxy glued and the non-glued control joints lost 67.2% 

and 49.8% of their initial stiffness after one severe moisture cycle, respectively. Some 

level of deterioration of the adhesive interface between the nail and the timber has 

therefore likely occurred after the first severe moisture cycle.  
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Paevere et al. (2009) conducted a series of shrink-swell tests to investigate the 

effectiveness of sealants (similar to a plastic cover over the nailplate) being placed along 

the length and on top of nailplated joints in reducing the nailplate backout. The samples 

were wet (using a spray bottle) and dried (at room conditions) 800 times over a 3-year 

period.  It was found that the ‘Seal n Peel’ 660 sealant did not stop the backout of the 

nailplate due to the seal breaking and likely allowing more moisture to enter the joint 

area, while the ‘Seal n Peel’ WB500 sealant proved effective. No comment was made 

regarding why WB500 stopped backout but was likely due to the sealant preventing 

moisture entering the timber completely (the joint was simply wet on weekdays using a 

“spray-bottle”). 

Dagher et al. (1997) published a report on the four-year performance of a 

vehicular bridge made from nailplated trusses made from stress-laminated timber. The 

bridge designers identified three main concerns for the externally located trusses, being: 

i) fatigue loading due to vehicular movement, ii) corrosion performance of the nailplates 

and iii) moisture driven backout. Experimental investigations (Dagher et al., 1995a, 

Dagher et al., 1995b) were conducted during the design stages to investigate the fatigue 

performance of the truss with a variety of nailplate designs. No backout was reported or 

commented on after 2 million cyclic loadings of the experimental trusses. The authors 

stressed the importance of nailplate manufacturers performing testing on their own plate 

designs should they wish to use their nailplate for such purposes (i.e. for situations where 

fatigue loading may be a factor). This was primarily due to the stress distribution in the 

plate being a function of location and geometry of the plate. The construction of the 

external vehicular bridge was made by placing the trusses side by side and pre-stressing 

them in the transverse direction (i.e. more than 200 trusses were placed abutting each 
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other). The abutting of the trusses and the pre-stressing prevented the backing out of the 

plates due to moisture fluctuations and fatigue loading (Dagher et al., 1997) 

O'Regan and Woeste (2002) investigated the embedment of nailplates embedded 

in the end of Red Oak for the purposes of preventing end-checking in railway sleepers. 

The authors investigated the direct withdrawal (i.e. nailplates pulled directly out of the 

timber) of two different nailplates where the tooth pattern, tooth width and tooth angles 

were slightly different. The authors found that changing these factors will cause a 

statistically significant difference in nailplate withdrawal strength.  

Walkup et al. (2016) investigated the current practice of repairing partially 

embedded nailplates. This repair involves the fixing of a timber guest plate over both 

sides of the joint connected by steel rods/bolts. In this repair process, the contribution of 

the exiting nailplate is assumed to be zero. This is likely to result in conservative and 

wasteful (of materials) repairs. Regardless of the work performed by Walkup et al. (2016) 

to improve the efficiency of the truss industry, the best strategy would be to limit backout 

initially or to ensure that should backout occur, joint strength and stiffness is not 

significantly compromised.  

2.5 MODELLING 

2.5.1 Mechanical Modelling 

While this thesis does not investigate the mechanical modelling of a nailplate, the 

following section briefly reviews the techniques and modelling approaches taken for 

completeness.  

Neilsen (1999) states that the design of trusses is commonly determined using 

simplified models which leads to conservative or inefficient use of materials. The main 

area of simplification is around the assumptions that are made on joint behaviour. While 

it is well known that the performance of the truss is primarily derived from the joints of 
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which it is comprised, many truss models attempt to simplify the joint behaviour which 

is likely to lead to onerous results. Obviously, an effective model is a simple model which 

generates accurate predictions quickly with easily accessible inputs however given the 

complex nature of a nailplated joint, many models are not able to replicate the 

performance of a wide range of truss joints and systems.  

Many of the proposed models (Foschi, 1977a, Hunt, 1988, Zhou and Guan, 2010) 

make the assumption that the performance of the nailplate is dependant of the 

performance of a single tooth based on early models from (Foschi, 1977a, b) and therefore 

being able to accurately predict how an embedded nailplate tooth will perform under 

loading is a good recommendation to create an agreeable model.  

Recent attempts have been made by (Zhou and Guan, 2008, 2010, 2011) to model 

the behaviour of double-sided nailplates (i.e. the teeth protrude from both sides of the 

nailplate). The authors modelled the joint characterises by initially creating a deformed 

model of a timber area around a single tooth using FEA and validating it against a single 

tooth pressed into the end grain of the timber. The timber was modelled using orthotropic 

elasto-perfectly plastic behaviour and the initial materials properties were assumed based 

on published values for Norway spruce. The model (shown in Figure 2-8) was then 

calibrated by adjusting the elastic moduli and yield strengths until the experimental and 

modelled load-deformation curves were nearly equal. This enabled “damaged” timber 

properties to be determined around the nailplate tooth for use when considering a 

nailplated joint under tension. After calibration of the single tooth embedment, the model 

was extended to predict the behaviour of a nailplate and tooth when the timber is loaded 

in tension and the nailplate is held in place. The obvious difficulty with modelling the 

performance at this level is the determination of the correct or “right” timber properties. 

Zhou and Guan (2011) investigated some of these properties in a sensitivity study and 
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The nail-pop phenomenon was frequently reported in the 1950s and 1960s and as 

a result Suddarth and Angleton (1956) proposed a theory to help understand the causes 

of nail-pop. The theory was based on the three key assumptions: 

• When the timber is shrinking or expanding (noting that the timber closer

to the surface of the timber will have a larger absolute movement than the

internal timber until moisture equilibrium is reached) there is a point along

the nail where the nail and the timber are moving at the same rate, called

the “matching point”. For the remaining length of the nail, friction forces

are generated by the movement of the nail and the pressure exerted on the

nail by the timber. This pressure is a result of the moisture gradient and

this is discussed in Section 2.5.3.

• As the nail backs out, space is left between the nail tip which can be

“clogged” with timber fibres thereby preventing re-penetration of the nail

during wetting events.

• Repeated shrinking and swelling of the timber causes fatigue of the timber

fibres which affect the stress gradient along the nail length thereby

changing where the matching point would be.

Key takeaways from the study was that the increased penetration depths and the 

expansion/shrinkage values resulting in higher backout rates.  

Paevere et al. (2009) extended this model by linking the nail-pop theory to the 

one-directional mechano-sorptive model proposed by Lu and Leicester (1992). The 

inclusion of the mechano-sorptive model allowed for the prediction of the 

shrinkage/swelling of the timber due to the moisture gradient within the timber.  Using 

the time history of the deformation of the timber the matching point can be obtained for 
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each time step. The model used a single nail to represent a nailplate tooth (Paevere et al., 

2008, Paevere et al., 2009).  

The transfer of moisture through the timber was modelled using a one-

dimensional flow model presented by Lu and Leicester (1997) which was based on Fick’s 

law. This model is only dependent on the diffusion constant of the timber species, and 

does not consider the wide range of properties that can affect the timber performance, 

including the porosity, density, gas and liquid permeabilities, desorption and absorption 

isotherms which can influence the moisture gradient (discussed in Section 2.5.3).  Based 

on this moisture gradient, the average movement of the sample could be determined.  

The determination of the matching point for each time was determined by 

considering the overall movement of the timber, due to the moisture change within the 

timber, and an accumulation ratio, R. This R value was to consider tooth clogging (also 

called end-crushing), the loading level of the joint and “stickiness” of the side friction. It 

is assumed that the “stickiness” is referring to the pressure on the tooth resulting from the 

shrinking or swelling of the timber (and consideration of the moisture gradient at any 

given time.  

The R value was determined by calibrating the model with experimental testing. 

The experimental testing involved nailplated joints being loaded, with either 0 40, 70, 90 

or 100% of the design load, and then being subject to moisture cycling by spraying the 

samples with water on working days (i.e. not weekends or holidays). The backout of the 

nailplates due to the daily wetting was recorded using LVDTs positioned across the 

nailplate.  

After the calibration, the model showed good agreement with the experimental 

results from which the calibration was obtained. From this, the model was then extended 

through a scenario analysis where roof space conditions were predicted and the likelihood 
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backout in a range of roof conditions was presented. The effect that in-service loading 

levels would have on backout was considered and the authors identified that a higher 

service load of the joint increased the rate of backout.  

This model is limited in the fact that it modelled the transfer of moisture through 

the timber using a one-dimensional flow and that the internal stresses inside the timber 

are only considered through a R factor which also has to account for loading levels and 

tooth clogging. Additionally, the experimental process was performed by spraying the 

nailplates with water and while the overall shrink-swell behaviour was recorded the 

moisture content and profile was relatively unknown which makes the calibration 

somewhat limited in its applicability to all conditions.  

There is also potential to further investigate the stress gradient that is developed 

along the tooth length where timber properties such as Modulus of Elasticity (MOE) and 

yield strengths can be considered to develop a more accurate stress profile.  

2.5.3 Wood and Moisture modelling 

2.5.3.1 Moisture transfer models 

The drying of timber is a complex and difficult process to model. Not only is this 

due to the orthotropic nature of timber, the moisture movement in the timber and between 

the timber and the air in which the moisture is being diffused into, is not linear with 

temperature and the current moisture content of the timber. It is further complicated by 

the variability of timber where the permeability of the timber can vary based on the 

amount of heartwood and sapwood, earlywood and latewood, lumen size, chemical 

composition of the timber cell walls and many more factors.  
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The main properties of timber that are commonly used to begin to predict the 

moisture flow through timber include initial wood moisture content, basic density wood 

porosity gas permeability, bound water diffusion and sorption isotherms.  

Early models to predict the flow of moisture through timber were based on Fickian 

diffusion coefficients (Schaffner and Doe, 1981) however they were limited at the time 

by the diffusion coefficient being only applicable for a small range of temperatures and 

moisture contents. Refinements to Fick’s Law for use in timber applications, have 

allowed the accuracy of the model to be increased where the diffusion parameters can 

vary with temperature and moisture content (Redman, 2017).  

One model that has been used to predict the flow of moisture inside timber, 

particularly during the drying of timber is a model called TransPore. It is a heat mass 

transfer model that was originally developed for softwoods however recent additions to 

the model have allowed the model to accurately predict the moisture flow through 

hardwood timber (Redman et al., 2017). 

It is a deterministic model requiring a number of necessary input parameters to be 

measured for accurate input. The TransPore model requires climatic conditions of 

temperature (dry bulb (T)), wet bulb (Tw), air speed and saturated vapour pressure (Svp). 

The wet bulb can be determined from the dry bulb and relative humidity (RH) by using 

the equation provided by Stull (2011) as: 

𝑇𝑤 = 𝑇 atan[0.151977(𝑅𝐻% + 8.313659)0.5] + atan(𝑇 + 𝑅𝐻%) 

−atan(𝑅𝐻% − 1.676331) 

+0.00391838(𝑅𝐻%)15 atan(0.023101𝑅𝐻%) − 4.686035 

(2-1) 

 

And Svp is given by: 

 
𝑆𝑣𝑝 = [6.11 × 10−7](

7.5𝑇
237.7+𝑇

)
 

(2-2) 
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The species-specific properties required by TransPore include the density, 

permeability (L, R and T directions i.e. longitudinal, radial and tangential directions), 

porosity, desorption isotherms and FSP.  

2.5.3.2 Modelling of internal stresses 

The Rheological behaviour of timber (i.e. the movement of moisture through 

timber and resulting deformations) has being modelled by a number of researchers (de 

Borst et al., 2013, Mirianon et al., 2008, Redman et al., 2017, Reichel and Kaliske, 2015). 

The total deformation of wood can be broken into as many as five deformation 

mechanisms (Mirianon et al., 2008) where the strain at any given time can be represented 

by: 

 𝜀 =  𝜀𝑒 + 𝜀𝑢 + 𝜀𝑣𝑒 + 𝜀𝑚𝑠 + 𝜀𝑚𝑠(𝑖𝑟𝑟)
 (2-3) 

 

where ε is the total strain vector, εe
  the elastic strain vector, εu the hygroexpansion 

strain vector, εve the total viscoelastic strain vector, εms is the recoverable mechano-

sorptive strain vector and 𝜀𝑚𝑠(𝑖𝑟𝑟)
 is the irrecoverable mechanosorptive strain vector.  

For the purposes of this thesis, only the elastic and hygroexpansion factors are 

considered. The elastic strain increment can be given by Hooke’s Law as: 

 𝜀𝑒 = 𝐶𝜎 (2-4) 

 

where  

𝜎 = stress vector 𝜎 = [𝜎𝐿 𝜎𝑇  𝜎𝑅  𝜏𝑅𝑇 𝜏𝐿𝑇 𝜏𝐿𝑅]𝑇 

 𝜀𝑒 = elastic strain vector 𝜀𝑒 = [𝜀𝐿 𝜀𝑇 𝜀𝑅 𝛾𝑅𝑇 𝛾𝐿𝑇 𝛾𝐿𝑅]𝑇 

𝐶 = Compliance matrix 

The compliance matrix (C) is given by equation 2-5 for an orthotropic material 

and the material behaviour is given by: 

𝐸𝐿 , 𝐸𝑇 , 𝐸𝑅 = Young’s moduli  
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𝐺𝑅𝑇 , 𝐺𝐿𝑇 , 𝐺𝐿𝑅 = shear moduli and

𝑣𝑅𝑇 , 𝑣𝐿𝑇 , 𝑣𝐿𝑅 , 𝑣𝑇𝑅 , 𝑣𝑇𝐿 , 𝑣𝑅𝐿 = Poisson’s ratios 

𝐶 =

[

1

𝐸𝐿

−𝑣𝑅𝐿

𝐸𝑅

−𝑣𝑇𝐿

𝐸𝑇
0 0 0

−𝑣𝐿𝑅

𝐸𝐿

1

𝐸𝑅

−𝑣𝑇𝑅

𝐸𝑇
0 0 0

−𝑣𝐿𝑅

𝐸𝐿

−𝑣𝑅𝑇

𝐸𝑅

1

𝐸𝑇
0 0 0

0 0 0
1

𝐺𝑅𝑇
0 0

0 0 0 0
1

𝐺𝐿𝑇
0

0 0 0 0 0 1/𝐺𝐿𝑅]

(2-5) 

The hygroexpansion strain increment can be given by: 

𝜀𝑢 = 𝛼𝑢 (2-6) 

Where 𝛼 is defined by: 

𝛼 = [𝛼𝐿 𝛼𝑇 𝛼𝑅  0  0  0]𝑇

And 𝛼𝐿 , 𝛼𝑇 and 𝛼𝑅 are material shrinkage coefficients of moisture induced 

shrinkage. The values of these are assumed to be 0 when the timber fibres are above the 

fibre saturation point (Redman, 2017). 

The above conditions are commonly solved using numerical methods such as 

finite element analysis (FEA).  

Mirianon et al. (2008) discussed the development of a three-dimensional model 

Rheological model using FEA software ABAQUS by using the UMAT and DFLUX user 

defined subroutines. The UMAT is developed to define the material behaviour due to the 

five part strain increment. The DFLUX routine was used to calculate the moisture profile 

at a given time based on Fick’s law of diffusion and requiring inputs of the oven-dry 
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density, surface emissivity, equilibrium moisture content corresponding to the 

temperature and humidity, and the moisture content on the wood surface with detail 

provided by Hanhijärvi (1995). The author remarks on the fact that instantaneous changes 

in humidity (resulting in sharp changes in moisture of the timber) results in instability and 

the load may need to be smoothed.  

This thesis will be using FEA to predict the stress gradient and deformation of the 

timber subject to a moisture gradient, as determined by TransPore and will not consider 

the complex behaviour of timber when considering viscoelastic and mechano-sorptive 

effects, and hence they have not being detailed here.  

2.5.4 Microclimate Roof space conditions prediction modelling 

Nailplated trusses are found almost exclusively inside the roof or floor spaces of 

a residential house. Both of these locations are somewhat enclosed spaces where the 

climatic conditions (i.e. temperature, relative humidity and air speed) can vary 

significantly from the external or internal living area conditions.  Parker and Sherwin 

(1998) reported roof attic temperatures in residential roofing routinely exceeding 54oC 

with daily temperature fluctuations can be as high as 15°C in Florida, USA.  

An attempt to model the roof space conditions as a function of external and 

internal living area conditions was produced by TenWolde (1997) and is known as the 

FPL roof temperature and moisture model. The mathematical model identified heat 

storage effects (i.e. insulative effect of the building elements and materials) would cause 

a 1 to 2 hour delay in transfer of conditions. The model required inputs of solar absorbance 

and emissivity of the roof cladding, external climatic conditions including solar radiation, 

temperature and RH. Nguyen et al. (2008) reflected on the model by saying that the model 

was a “general and sophisticated model that required many detailed parameters.”  Nguyen 

et al. (2008) also commented stating that while the model was effective in predicting the 
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roof space temperatures, it did not predict the RH with a high degree of accuracy. It should 

be noted that the FPL model was designed as a tool for use in an American context, where 

roofs are commonly sheathed with materials like particleboard on which the roof cladding 

is then fixed.   

Nguyen et al. (2008) adapted and simplified the model for use in an Australian 

context and presented a new model for predicting the relative humidity in the roof space. 

The proposed model required inputs of Solar radiation, external temperature, RH and air 

speed, all of which are easily obtainable for research purposed from the Australian Bureau 

of Meteorology (2019). Additional inputs included consideration for the reflectivity of 

the roof colour, and roof material, although while values for a tiled roof were given, no 

comment was made on likely input values for other materials like metal sheet roofing.  

The model showed good agreement with the field house’s roof spaces where the 

internal condition and external climatic conditions were accurately recorded. The roof 

space conditions were then used to predict the moisture content in the timber based on a 

model by Lu and Leicester (1997).  

The roof space model was then extended to predict the effect of using sarking, a 

waterproofing and insulative building component that has being made compulsory in 

many regions of Australia in the National Construction Code released in 2019 (ABCB, 

2019).  It was noted that sarking somewhat reduced the daily temperature variation within 

the roof space, with more of an effect in winter, while the RH was significantly affected 

where a sarked roof can see up to four times less variation. The sarking effect however 

was only modelled by adding a factor/parameter to the moisture content model 

aforementioned. No remarks were made on the effect of sarking on the internal conditions 

in the modelling, however. Further details of the models can be found in Nguyen et al. 

(2008) and Paevere et al. (2009).  
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ABSTRACT 

Timber trusses, typically manufactured from timber members connected by 

nailplates, are widely used in the domestic housing market. Their use is however limited 

to indoor environments. The exposure of timber trusses to environments where the timber 

experiences high amounts of moisture content (MC) variations causes the nailplates to be 

driven out from the surface of the timber, a phenomenon commonly referred to as 

“backout”. As part as a collaborative project between the industry, Griffith University 

and Queensland Department of Agriculture and Fisheries (DAF), this chapter aims at 

investigating solutions to both prevent backout of the nailplates and increase their 

withdrawal resistance under large MC variations. The nailplate teeth were redesigned 

following (i) a mechanical approach consisting of redesigning the tooth profile and 

allowing the nails to resist the withdrawal force by both friction and mechanical action 

and (ii) the application of an adhesive to a redesigned tooth profile, allowing the adhesive 

to penetrate the timber with the nail. The efficiency of the new designs was 

experimentally assessed using single teeth (representative of nailplate teeth) with respect 

(i) to their ability to resist backout resulting from accelerated MC cycles and (ii) their 

quasi-static withdrawal resistance after increasing numbers of moisture cycles. Results 

showed that the proposed mechanical designs reduced the backout by up to 50% when 

compared to currently used tooth designs. The application of an adhesive prevented 

moisture driven backout. The newly investigated tooth designs resulted in higher 

withdrawal strengths to currently used nails. It was identified that subjecting the nails to 

only one moisture cycle reduced the withdrawal resistance of currently used and glued 

teeth by up to 60% while the withdrawal resistance of the proposed mechanical designs 

was not affected by the number of cycles.  
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3.1 INTRODUCTION 

Steel nailplated timber trusses are used in the vast majority of Australian 

residential houses, commonly forming the roof and flooring systems (Bylund 2017). 

Nailplates have been used for more than 50 years, with patents dated at least as far as 

1962 (Atkins 1962). Over this time with the evolution of manufacturing machineries and 

an ever-increasing demand for prefabrication in the construction industry, steel nailplated 

timber trusses have become an essential component of the residential building market. 

They represent 28.5% of the $5.7 billion Australian’s “Wooden Structural Component 

Industry” (Allday 2017).  

A 30-year old patent (Smith et al. 1988), shown in Figure 3-1, has generally been 

the design basis for nailplates currently used by Australia’s manufacturers. This design 

aims at maximising the teeth number to plate area ratio by having two teeth cut per 

punched hole. The production rate of this design can be extremely high due to the metal 

stamping machineries available. This has been in conjunction with the pressing of the 

plate into the timber becoming a refined and efficient process due to the sharp teeth and 

off-site pressing technology.  

 

Figure 3-1 Nailplate tooth profile patent by Smith et al. (1988). 

Currently, the use of nailplated timber trusses is limited to indoor environments 

where the system is protected from direct contact with water and large variations in 

temperature and humidity. Outside these circumstances, the nailplates would be “driven-
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out” from the timber as the timber shrinks and swells in response to its changing moisture 

content (MC). This withdrawal phenomenon is commonly referred to as “backout” 

(Paevere et al., 2009). Despite the economical nature of nailplated trusses in terms of both 

manufacturing and erection, the restriction of nailplated trusses being only viable in 

indoor environments results in a lost opportunity for the timber industry. A potential 

application for nailplated timber trusses in the open environment is for instance timber 

bridges. 

To allow nailplated timber trusses to be used in external environments and have 

increased design strength, this chapter investigates new nailplate tooth profiles which can 

prevent moisture driven backout and provide a greater joint strength through an increased 

nail withdrawal capacity. Two different design approaches are investigated herein and 

consist of redesigning the tooth profile to resist the backout forces (i) mechanically and 

(ii) with the chemical fastening of an adhesive which penetrates the timber with the teeth. 

The efficiency of the new designs, both in terms of backout rate and nail withdrawal 

capacity, is investigated and discussed at various numbers of accelerated MC cycles. 

Recommendations are made on the best design to use in a mass production industrial 

context. 

Currently, the use of nailplated timber trusses is limited to indoor environments 

where the system is protected from direct contact with water and large variations in 

temperature and humidity. Outside these circumstances, the nailplates would be “driven-

out” from the timber as the timber shrinks and swells in response to its changing moisture 

content (MC). This withdrawal phenomenon is commonly referred to as “backout” 

(Paevere et al. 2009). Despite the economical nature of nailplated trusses in terms of both 

manufacturing and erection, the restriction of nailplated trusses being only viable in 

indoor environments results in a lost opportunity for the timber industry. A potential 
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application for nailplated timber trusses in the open environment is for instance timber 

bridges. 

To allow nailplated timber trusses to be used in external environments and have 

increased design strength, this chapter investigates new nailplate tooth profiles which can 

prevent moisture driven backout and provide a greater joint strength through an increased 

nail withdrawal capacity. Two different design approaches are investigated herein and 

consist of redesigning the tooth profile to resist the backout forces (i) mechanically and 

(ii) with the chemical fastening of an adhesive which penetrates the timber with the teeth. 

The efficiency of the new designs, both in terms of backout rate and nail withdrawal 

capacity, is investigated and discussed at various numbers of accelerated MC cycles. 

Recommendations are made on the best design to use in a mass production industrial 

context. 

Specifically, this chapter presents first a literature review on nailplated joints and 

moisture driven backout. Secondly, the general principles and rationale behind the new 

tooth designs are argued. Thirdly, the testing methodology adopted to investigate the 

efficiency of the new designs is introduced. Finally, the backout rate, efficiency and nail 

withdrawal capacity at various MC cycles are presented and discussed.  

3.2 LITERATURE REVIEW 

3.2.1 Joint characteristics  

Nailplated joints draw their strength from the friction interface between the steel 

teeth and the timber, with the array of teeth only being embedded 8-11mm into the timber 

(the embedment length is often limited by buckling of the teeth as the plate is pressed into 

the timber). The performance of timber trusses is highly reliant upon the joint 

characteristics. These characteristics can include, but are not limited to, the timber 

orientation, the size of the nailplate and the position and type of load (tension or 
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compression) (Wei Guo 2014). Depending upon the combination of these factors, 

different failure mechanisms are observed. They include yielding of the steel nailplate, 

plug-failure of the timber and nailplate withdrawal (Wei Guo 2014). The latter is the most 

common observed failure mode and may be better described as “plate peeling” for which 

a joint in tension will experience “arching” of the nailplate as the load increases (Melton 

2000). The friction between the nail and the timber, generated by embedding the nailplate 

in the timber, is gradually lost as the plate peels away from the timber. An example of 

such a failure mode is shown in Figure 3-2.  

 

Figure 3-2 Nailplate withdrawal failure of a joint loading in tension with the plate 

“peeling” away from the timber 

Due to the proprietary nature of the nailplate industry, limited information is 

available regarding the actual performance of joints. Even the American Standard 

“National design standard for metal plate connected wood truss construction (ANSI/TPI 

1-1995)” is based on proprietary testing from industry, which is unacceptable according 

to Melton (2000) and is only allowed by companies to gain competitive advantage. There 

is a lack of understanding of the fundamental principles which govern the behaviour of 

nailplates, which may have limited innovation. The currently used 30-year old nailplate 

design (Smith et al. 1988) being adequate for indoor use and light trusses, may not have 

also pushed innovation forward. 
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3.2.2 Nailplate backout 

A study by the CSIRO (Commonwealth Scientific and Industrial Research 

Organisation) in Australia (Paevere et al. 2009) performed experimental tests on 

nailplated joints and demonstrated the influence of the nailplate backout on the joint 

capacity. It was found that a 1 mm backout (i.e. about 12% of the nail length in Paevere 

et al. (2008)) resulted in a 25% reduction in joint strength, while a 2 mm backout resulted 

in a 45% loss in strength, i.e. nearly half the capacity of the joint. Melton (2000) collected 

thirty-seven truss joint specimens where there was a visible backout of the nailplates from 

the parent timber. The author found that the backout, larger around highly stressed joints, 

caused the joint to have a capacity significantly lower than the one accepted by standards. 

As part of the study, Melton (2000) investigated the cause of the nailplate backout and 

while there was evidence that poor manufacturing and framing techniques could initiate 

backout, these defects were discarded as primary contributors to nailplate backout as only 

joints with higher in-service loading consistently had increased backout. Indeed, it is very 

unlikely that the highly loaded joints were the only joints with manufacturing defects. 

McAlister (1990) observed nailplate backout after exposing a truss to direct 

weather for a one-year period. Smulski (1993) observed that excessive heat and moisture 

caused the backout of the nailplates in floor trusses. Groom (1995) found that the backout 

is very dependent on the amplitude of the MC variation. Eight MC cycles of a nailplated 

joint between 9 and 15% average MC, only resulted in a 3-4% backout of the tooth length 

(0.32 mm). This is compared to 17% (1.32 mm) of tooth length backout when the joints 

were cycled between 5 and 19% average MC over the same number of cycles. Groom 

(1995) describes the backout of the nailplates as being caused by the moisture hysteresis 

initiating dimensional changes in the lumber. Paevere et al. (2009) manufactured joints 

and exposed them to moisture cycles which led to observed moisture driven backout of 
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the nailplates. The authors, similarly to Smulski (1993), described the backout as a 

ratcheting phenomenon of the nailplate relative to the timber surface due to the timber 

MC variations. Houška et al. (2000) found that the backout phenomenon is further 

enhanced by the loading on the joint. Examples of the nailplate backout are shown in 

Figure 3-3. 

  

(a) (b) 

Figure 3-3 (a) Observed tooth backout of a nailplate from a truss left exposed on 

site prior to rain and sun. Location Gold Coast, Australia. and (b) backout 

observed within the roof space (Courtesy of Paevere et al. 2008) 

While the backout is normally observed in environmental exposed conditions, it 

was also observed in Australia within certain roof spaces (Paevere et al. 2009). Paevere 

et al. (2009) found that the surface equivalent moisture content (SEMC) of the timber in 

roofs without a moisture barrier (sarking) varies between 2 - 18% in summer. In sarked 

roofs, it only varies between 5% and 11%. In winter the SEMC varied between 7 - 22%, 

and 10 - 22% in non-sarked and sarked roofs, respectively. This larger variation of 

moisture within the timber in non-sarked roofs would lead to larger shrinking and 

swelling of the timber, ultimately leading to backout of the nailplates of the roof trusses.  

Melton (2000) reported that nailplate backout in the United States of America 

would cause sagging or springy floors and cracks in ceiling finishes. It is therefore 
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important to reduce or stop the nailplate backout as not only is the joint capacity affected, 

the serviceability of the truss is also challenged.  

A report by the Department of Agriculture and Fisheries (DAF) (Bylund 2017) 

identified that there is a need for nailplate manufacturers to keep up with the evolving 

market of prefabricated timber structures, particularly in Australian Class 2-9 buildings 

(i.e. buildings other than residential such as multilevel units or commercial buildings). To 

use nailplates in external environments, it was recommended that some new plate designs 

be proposed to meet the increased design demands. 

3.2.3 Published design innovations 

In the past, some researchers have investigated a variety of ways to increase the 

strength of nailplated joints and to prevent backout of the nailplates. Groom (1994) 

investigated the influence of coating the nailplate teeth with an epoxy resin on the backout 

rate and overall joint’s mechanical properties. Results showed that the epoxy coating had 

no influence on the backout rate after eight mild cycles, consisting of a MC ranging 

between 9 and 15%. However, it proved effective in reducing the nailplate backout by 

approximately 25% after eight severe moisture cycles, i.e. with a MC ranging between 5 

and 19%. The application of the epoxy also increased the strength and stiffness of the 

nailplated joint by up to 9% and 28%, respectively. While the increase in strength 

remained throughout all investigated moisture cycles, the increase in stiffness was rapidly 

lost. The epoxy glued and the non-glued control joints lost 67.2% and 49.8% of their 

initial stiffness after one severe moisture cycle, respectively. Some level of deterioration 

of the adhesive interface between the nail and the timber has therefore likely occurred 

after the first severe moisture cycle.  
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To study the best design for nailplates pressed into the end grain of railway 

sleepers, Regan et al. (2002) investigated the withdrawal strength of nailplates pressed 

into red oak wood. Several testing regimes were suggested and the withdrawal strengths 

of two different nailplate designs were quantified. The two designs differed only in the 

layout of the nails. It was found that the plates with a staggered tooth pattern and increased 

number of rows of teeth have a higher withdrawal strength.  

Paevere et al. (2009) conducted a series of shrink-swell tests to investigate the 

effectiveness of sealants (similar to a plastic cover over the nailplate) being placed along 

the length and on top of nailplated joints in reducing the nailplate backout. Various 

parameters, such as timber species and sawing orientation (back-sawn and quarter sawn), 

were also explored. The samples were wet (using a spray bottle) and dried (at room 

conditions) 800 times over a 3-year period.  It was found that the ‘Seal n Peel’ 660 sealant 

did not stop the backout of the nailplate due to the seal breaking and likely allowing more 

moisture to enter the joint area, while the ‘Seal n Peel’ WB500 sealant proved effective. 

No comment was made regarding why WB500 stopped backout but was likely due to the 

sealant preventing moisture entering the timber completely (the joint was simply wet 

using a “spray-bottle”). It was also noted that the timber species and sawing orientation 

had no discernible influence on the nailplate backing out. The average nailplate 

withdrawal (under no load and no sealant) was 0.40 mm and 3.02 mm after 100 and 800 

cycles, respectively. With respect to the sealant, concerns were expressed over the 

associated increased manufacturing and material costs. 
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3.3 MATERIALS AND METHODS 

3.3.1 General 

This section first presents the principles behind the investigated new nailplate 

teeth aiming at increasing the tooth withdrawal resistance. Based on industry 

requirements, the following limitations were imposed on the concepts: 

1. Two teeth need to be punched per hole, as shown in Figure 3-1, to maximise the 

number of teeth over the plate surface area ratio; 

2. The nails need to be able to be punched with minimum change to existing 

manufacturing tools and at the current production rate; 

3. The steel plate material needs to remain the same as the one currently used.  

Secondly, the proposed methodologies to assess (i) the ability of each design to 

reduce moisture induced backout and (ii) the withdrawal capacity of each design after 

various MC cycles are presented. Note that this study investigates the efficiency of the 

new designs using only single teeth based on the observations in Foschi (1977). Foschi 

(1977) modelled nailplate joint behaviour based on the properties of a single tooth with 

excellent agreement with experimental results. The effect of the parent plate buckling and 

its contribution to joint stiffness is accounted for with one coefficient while the non-

uniform loading of a tooth in a nailplate array can be accounted for with another 

coefficient for each tooth. However, the high density of teeth within a nailplate means 

that the coefficient for load distribution between each tooth will have a mean value of 1.0. 

Based on these findings it is deemed acceptable that just using a single tooth will provide 

a reliable baseline of how new tooth profiles may affect nailplated joints. The use of a 

single tooth will be far more economical when trying to investigate a variety of tooth 
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designs but more importantly it will enable the mechanisms causing the backout of 

nailplated joints to be better isolated.  

3.3.2 Investigated concepts 

3.3.2.1 Mechanical approach 

As mentioned earlier, commonly used teeth design’s withdrawal resistance is 

solely based on the friction force developing between the teeth and the timber. As the 

nailplate withdraws from the timber, the friction surface is reduced, therefore reducing 

the friction force and eventually leading to a reduced joint capacity. To compensate the 

loss of frictional force during withdrawal, hooks are proposed to be shaped within the 

tooth profile. The hooks are designed to grab the timber fibres as the tooth withdraws, 

either due to moisture driven backout or as the plate peels off when testing the joint in 

tension (Figure 3-2). The idea is to facilitate the grabbing of the timber by the nails, the 

hooks can either fold when entering the timber and unfolding during withdrawal or take 

an alternative path to the entry one on exit.  

Initially, four mechanical design principles were investigated with 3 to 5 

variations (dimensions and angle of hooks) for each design, totalling 18 different designs. 

Based on preliminary testing where the nails were pressed into the timber and withdrawn, 

only the best two designs were further analysed and are presented in this chapter. The 

preliminary testing revealed that the geometry of the hook was dependent on preventing 

the hook from not breaking (i.e. breaking from the nail) and not causing “too much” 

damage to the timber fibres as the nail was pushed into the timber. The geometry of the 

hook also had to allow it to fit with an 8-12 mm wide nail to maintain high tooth densities 

in the future nailplates.   
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The two chosen designs are referred herein as Mechanical Design 1 (MD1) and 

Mechanical Design 2 (MD2). MD1 consists of a hook bent at the tip of the nail where the 

hook will bend almost 180o as the nail enters the timber.  While MD2 consists of a hook 

bent on the side of the nail and away from its tip. Figure 3-4 shows a model of MD1 and 

MD2 and Figure 3-5 gives associated photos.   

3.3.2.2 Adhesive approach 

The adhesive approach focuses on maximising the effectiveness of the adhesive 

by providing mechanisms to allow the glue to penetrate the timber with the tooth. The 

tooth is shaped with a groove (or small hole) in the tooth profile so the glue is embedded 

in the tooth and not just coated on top to prevent the sweeping of the glue when inserted 

into the timber. In Groom (1994), discussed previously, the glue was likely forced to the 

base of the nail (connection with the plate) during the nailplate penetration, limiting its 

efficiency as no or little glue penetrated the wood. Moreover, the high degradation rate 

after moisture cycling of the enhanced mechanical properties obtained from the glue 

application in Groom (1994) also likely resulted from the high stiffness and brittle nature 

of the epoxy resin used. It is plausible that a more ductile adhesive would increase the 

effectiveness of the glued nails after MC cycling and polyurethane base structural 

adhesive (one-part, 30 minute setting adhesive manufactures by Jowat) is therefore 

proposed for use in this study.  

In the initial stages of this study, similar to the mechanical design approach, 

preliminary testing of the effectiveness of the glue designs was performed. A tooth with 

a means to allow the glue to penetrate the timber was compared to that of just a simple 

tooth with glue only applied to the tooth. The tooth without the ability to have the glue 

penetrating the timber was only able to reduce moisture induced backout by 50% 
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compared to a no-glue tooth, while the added design feature, allowing the glue to 

penetrate the timber, completely stopped the moisture induced backout (Mainey et al. 

2016). One design layout (the tooth with the added feature) is investigated herein and is 

referred to as “Glue”. 

3.3.3 Testing methodology 

3.3.3.1 Timber samples and nails 

Sixty-three timber samples of dimensions 90 mm (L) × 70 mm (W) × 35 mm (H) 

were cut from 2.4 m long MPG10 (Standards Australia 2006) graded Radiata Pine (Pinus 

radiata) boards, as shown in Figure 3-6 (a) and Figure 3-7. Samples containing knots and 

resign pockets were avoided as much as possible. In each sample, four nails consisting of 

one of each analysed design (MD1, MD2 and Glue) and one “Base” nail, representing the 

currently used and unmodified nail, were pressed 11 mm deep using a 30 kN Universal 

Instron Testing Machine at a stroke rate of 11 mm/min. The nail positioning is given in 

Figure 3-6 (a) (indexed by A, B, C and D in the figure) and is in accordance with the 

minimum allowable distance between nails in the Australian Standard AS1649 (Standards 

Australia 2001). To remove the effect from the nails being pressed into the same growth 

rings within the same MGP10 board, the four designs were always pressed in the order 

Base, MD1, MD2 and Glue, but with the Base design starting at either location index A, 

B or C, depending on the piece group as discussed later.  

From each 2.4 m long board and in an attempt to keep consistency in the results 

between MC cycles, boards were cut in groups of seven pieces to match the seven cycle 

increments discussed later in this section. The pieces in a group are adjacent to one 

another in the board. The first piece in a group was used for the first cycle increment, the 

second for the second increment up to the seventh for the last increment. Figure 5 



Page 60 

 

demonstrates the cutting and labelling system for one 2.4 m long board where each piece 

was identified by its cycle increment that it was to be subjected to and its group number.  

 The nails were laser cut (with +/- 0.1 mm accuracy) from the same type of 

galvanised steel sheet (nominal thickness of 0.95 mm) that is currently used to 

manufacture nailplates by one Australian manufacturer. Note that while laser cutting 

influences the mechanical properties of the steel, its influence is only limited to the 

location of the cut (O’Neill et al. 2000), and the properties of the overall plate itself are 

unaffected. Moreover, as the withdrawal mechanism is principally a friction phenomenon 

(Paevere et al. 2009), how the steel was cut and its localised mechanical properties at the 

cut will not influence the backout mechanism. To facilitate the experimental work, the 

nails were 4.5 mm wide, i.e. 35% wider than existing nailplate nails. The width of the nail 

was increased to allow for the hook to be manually manipulated (using hand tools). A 

smaller size would have made it impossible to fold the hooks to the desired shape using 

hand tools. Should the design prove effective, an automated and more exact process for 

folding the hooks in the tooth is possible. It was deemed that increasing the tooth size for 

this study would not affect the mechanisms behind the withdrawal resistance and backout 

rate based on the work in Gebremedhin et al. (1991). These authors found that the moment 

of inertia and the width of the teeth do not influence the overall joint strength. The nail 

dimensions are shown in Figure 3-6 (b) and a picture of the base nail is shown in Figure 

3-6 (c).  

   
(a) (b) (c) 

Figure 3-4 Representative and simplified models of: (a) MD1 (pre-bent), (b) MD1 

(after hook is bent) and (c) MD2  
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(a) (b) 

Figure 3-5 Photos of (a) MD1 and (b) MD2 

  

 
(a) (b) (c) 

Figure 3-6 (a) Nail layout on sample, (b) Nail dimensions, (c) Picture of base nail 

 

Figure 3-7 Cutting plan for one 2.4m long MGP10 board.  

3.3.3.2 Moisture cycling 

To induce backout of the nails, the timber samples were subjected to a schedule 

of extreme and accelerated wetting and drying cycles. The samples were on average 

steamed for 2 hours and dried for 19 hours. One MC cycle is defined as the complete 

wetting and complete drying of a specimen. The cycles aimed at targeting high MC 

variation in the timber following (i) the microclimate recordings made by Paevere et al. 
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(2009), with SEMC which could vary between 2% and 22% annually and (ii) the 

experimental studies by Groom (1995) that induced a 1.35 mm nailplate backout in 8 

cycles with a MC variation between 5% and 19%. For the wetting phase, the steam was 

applied into a plastic container using a steaming unit with the samples evenly spaced out 

inside the container. For the drying phase, the samples were dried overnight (or over the 

weekend) in a dehydrating oven at 40oC.  

Note that different wetting and drying techniques were initially investigated to 

backout the nails with mixed results. Methods tested to wet the timber also included (i) 

the use of an autoclave (at 136oC and 195 kPa), (ii) soaking the pieces in either room 

temperature water or warmed water (60oC) and (iii) vacuuming the air in the timber pieces 

and replacing it with water. Methods to dry the timber also included using an air-driven 

kiln. Due to resource availability and effectiveness, the use of hot steam and a dehydrating 

oven was preferred. This technique was found to drive the nails out more effectively than 

the other investigated ones and is likely closer to reality where the timber is absorbing 

water in the form of vapour and not liquid form.  

3.3.3.3 Withdrawal force measurements 

Withdrawal of the nails was undertaken at seven different moisture cycles 

increments, corresponding to no wetting or drying, 1st, 2nd, 5th, 10th, 20th and 30th cycles. 

After each cycle increment, nine timber samples were removed from the cycling regime 

and put aside to measure the nail withdrawal force. These samples were placed in a 

climate chamber at 20oC and 65% relative humidity (RH) to target an equilibrium MC of 

12%. An additional 14-day relaxation period, after the time the samples reached 

equilibrium, was also observed for each sample.  
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The withdrawal tests were undertaken following the guidelines for single nail 

withdrawal in the Australian standard AS1649 (Standards Australia 2001). Each tooth 

was withdrawn using a 30 kN capacity universal Instron testing machine. The set-up is 

shown in Figure 3-8 (a) and a photo of the nail holding device and timber is shown in 

Figure 3-8 (b). The samples were clamped to a rigid frame and the nails were clamped to 

the machine loading head. The teeth were then pulled-out in displacement control at a 

stroke rate of 2.5 mm/min. The vertical displacement (Δ) of the nails was measured as the 

average recording of two Linear Variable Displacement Transducers (LVDTs), 

symmetrically attached to the loading head and measuring the relative displacement 

between the head and the rigid frame. Note, as the load cell is used at up to 1% of its 

capacity (see pull-out force values in Results and Discussion), its accuracy for the 

encountered load range was verified before testing using calibrated masses. The load cell 

readings were found to be within 3% of the known applied loads.  

The work (W) required to pull-out one tooth is calculated as: 

 

 𝑊 = ∫ 𝐹(Δ)𝑑Δ 
𝑧

0

 Eq (1) 

 

where F is the resisting force of the tooth after it has been withdrawn by a distance 

Δ from the timber surface and z is the depth of the tooth in the timber.  

3.3.4 Backout and MC measurements 

The height of each tooth relative to the timber surface was measured after each 

MC cycle (drying phase) using a digital veneer calliper. At the end of each wetting and 

drying cycle, the samples were weighed and their MC at this point of time was determined 

at the end of the overall test program using the oven dry method, as specified in the 

Australian and New Zealand standard AS/NZS 1080.1 (Standards Australia 2012).  
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Note that since nine samples were removed at each cycle increment to measure 

the nail withdrawal force, the average backout calculated at each drying cycle was based 

off a decreasing number of samples for each increment, as seen in Table 3-1. 

. 

 

 
(a) 
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(a) Base design (b) MD1 

  

(c) MD2 (d) Glue 

Figure 3-10 Box plots showing the distribution of nail backout measurements. The 

solid line represents the average measured backout value 

After 30 cycles, the backout of the commonly used base design was on average 

1.6 mm. In contrast the MD1, MD2 and glue designs only backed out by 0.7, 0.5 and 0.2 

mm, respectively. For comparison and as mentioned earlier, Groom (1994) who 

investigated the backout rate and joint strength deterioration of full nailplates, recorded 

approximately 1.35 mm of backout after 8 severe (5-19% MC) cycles. It is worth noting 

however that the cycle length in Groom (1994) averaged approximately 27.5 days 

compared to the 24-hour cycles induced in this study. This difference would likely lead 

to different MC gradient in the timber and different ratcheting backout amplitudes. 
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Figure 3-9 shows that for the initial 3 to 5 cycles, the mechanical designs backed-

out at the same rate as the base design (about 0.1 mm per cycle). However, after a backout 

of about 0.4 mm, the hooks incorporated into the designs likely grabbed timber fibres and 

significantly slowed down the backout rate. Backout almost completely stopped after 5 

cycles for MD2. The effectiveness of the mechanical designs is also reflected in the box 

plots (Figure 3-10) where the variations in the observed backout values are significantly 

smaller (50th percentile range of 0.5 mm for MD1 and MD2 at 30 cycles) than of the ones 

of the base design (0.8 mm 50th percentile range at 30 cycles). With the integration of a 

mechanical hook in the tooth design, the mechanisms resisting withdrawal have likely 

changed from pure friction in the base design to a combination of friction and “grabbing” 

or “hooking” of the timber. However, these actual mechanisms still need to be further 

analysed outside the scope of this study. 

The glue design also demonstrates how the transition from a pure friction design 

to a design based on friction and adhesion can greatly reduce the backout rate. After the 

first 3 or 4 cycles, in which the glue design has backed out relative to the timber surface 

by 0.2 mm, the glued teeth did not backout any further from the timber surface. The effect 

of the glue on the backout rate was almost universal across all 54 samples that were 

subjected to varying MCs. This is reflected in Figure 3-10 (d) where a low variance in the 

backout amounts can be observed relative to the base design (i.e. the variance of the base 

and glue designs across all cycles is 0.42 and 0.044 respectively). A comment can also be 

made with respect to the difference between the mean (solid line) and the median 

(horizontal line in the boxplot box) shown in Figure 3-10. As the number of cycles 

increased, the difference between the mean and the medial started to increase for the base 

design and to some extent, MD1, however the MD2 and glue designs had almost matching 

median and mean readings throughout the 30 cycles.  
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It is noted that after about 23 cycles, about 25% the base design nails had become 

“loose” and would “wobble” when trying to measure the backout. This however did not 

occur for the other investigated designs and this effect is reflected in the withdrawal 

strengths of each of the designs, as detailed in the following section. 

3.4.2 Withdrawal strength 

 

Figure 3-11 demonstrates that the maximum force required to withdraw the base 

design deteriorated by more than 60% (from 127 N to 49 N) after just one moisture cycle. 

A drop of 52% (from 301 N to 158 N) after just one moisture cycle is also observed for 

the glue design, with the average maximum withdrawal force dropping to a similar force 

as the mechanical designs. This immediate reduction in withdrawal strength likely results 

from a bond damage between the glue and the timber. While the polyurethane glue used 

is relatively flexible compared to alternate options such as an epoxy, the timber, and 

subsequently the timber around the tooth would have experienced substantial deformation 

due to the shrink-swell nature of timber. Interestingly, the deterioration of the withdrawal 

capacity after one MC cycle contrasts with the efficiency of the design in preventing 

backout of the nail (see Figure 3-9). This drop off in strength is also reflected in the 

findings in Groom (1994) where the stiffness of a nailplate joint with adhesive decreased 

by 67.2% after just one severe moisture cycle. However, with either the difference in the 

type of adhesive used, the proposed tooth profile allowing the glue to penetrate the timber 

or both, this investigated design demonstrates that adhesive based designs can practically 

stop moisture driven backout while ensuring withdrawal capacities are 236% and 253% 

higher that of the base design after 0 and 30 MC, respectively.  

Contrary to the base and glue designs, the mechanical designs did not experience 

the same deterioration in withdrawal resistance. The maximum average withdrawal forces 
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are 110 N for MD1 and 127 N for MD2 after zero cycle. They marginally increase after 

one moisture cycle to 145.4 N and 132.9 N for MD1 and MD2, respectively, to remain at 

about the values for all remaining MC cycles. The use of the anchor in the mechanical 

design also substantially increases the consistency in the withdrawal force, with a 

Coefficient of Variation (COV) at the 30th cycle of 0.28 for both MD1 and MD2, 

compared to 0.38 for the base design. In comparison to the base design, MD1 and MD2 

has a 355% and 312% higher withdrawal resistance after 30 MC, respectively.  

The average work required to withdraw each tooth design at each cycle increment 

is shown in Figure 3-12. The work to remove each nail was calculated using Eq 1 was 

made to quantify the shapes of the withdrawal curves shown in Figure 3-13. The 

noticeable jump in MD1 and MD2 after one MC indicates that the timber shrinking and 

swelling around the nail must have engaged the anchor/hooks in the design. 

Figure 3-13 plots representative tooth load-displacement curves for each design 

after 0, 1, 2, 5, 10 and 30 cycles for six almost adjacent timber pieces. All curves show 

an initial high stiffness. Contrary to the base and glue designs, the mechanical designs 

show a high non-linear response before reaching a plateau. After at least one cycle and 

after reaching the maximum force for the base and glue designs, the load decreases almost 

linearly with the withdrawal displacement. However, these two designs at Cycle 0 have 

a different behaviour than the one of the other cycles, with the load dropping suddenly 

after reaching the peak load, although it is not as pronounced for the base design as for 

the glue design. This effect was observed across most of the other eight samples, 

indicating that one extreme moisture cycle is enough to induce some damage of the 

adhesive interface between the tooth and the timber. Figure 3-13 also shows that MD2 

tends to have a sharp drop off in the load, usually just after reaching the peak load. This 

typically coincided with a loud cracking noise. After completely removing the tooth from 
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the timber, it was observed that the cracking noise was either the hook breaking off the 

nail or breaking of the timber fibres. Figure 3-14 (b, c) shows withdrawn teeth photos of 

the mechanical designs demonstrating that the anchors have grabbed timber fibres on their 

way out. Visual inspection of the tooth hole and tooth itself after withdrawal showed how 

the base design and glue design left clean holes (Figure 3-14 (a, d)), while MD1 and MD2 

caused substantial damage around the hole after being withdrawn. While the glue design 

tooth did not cause observable surface damage, timber fibres were visible on the nail 

surface (a cohesive failure of the glue and timber interface). 

The variation of the average maximum withdrawal force and the average work 

required to completely remove each tooth from the timber samples are shown in  

Figure 3-11 and Figure 3-12, respectively, against the number of MC cycles. For 

clarity and to show the variation in the measurements, Figure 3-15 shows the box plots 

of the withdrawal force for each design on individual graphs. The box plots show a 

reduced variation in the maximum withdrawal strengths with increased cycles for the glue 

design, possibly indicating a stabilisation of the failure modes. From observations of the 

modes of withdrawal failure and understanding of the mechanisms resisting nail 

withdrawal, the maximum withdrawal strength of the glue teeth is a mix of friction 

between; i) the nail and timber, ii) hooking of solid glue onto timber fibres and iii) 

adhesion between the glue, tooth and timber. This mix would be hard to predict after only 

a few MCs; however, as the nails and the timber experienced increased numbers of MCs, 

the glue interface between the timber and the steel tooth deteriorates to a point where the 

failure mode is a more consistent mix of friction, hooking and adhesion.   

3.4.3 Preferred option 

When comparing the glue to the mechanical designs, the main difference in 

performance lies in the glued design having a reduced moisture driven backout and a 
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(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 3-13 Representative withdrawal curves for nails from batch 5 after 0, 1, 2, 

5, 10 and 30 cycles (indexed a, b, c, d, e, and f respectively). 
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(a) Base 

 
(b) MD1 

 
(c) MD2  

 
(d) Glue  

Figure 3-15 Withdrawal force for each design using box plots  
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3.5 CONCLUSIONS 

This chapter investigated three tooth profile re-designs for nailplated joints aiming 

at (i) preventing moisture driven backout and (ii) increasing the withdrawal resistance of 

the teeth. Two mechanical based designs and one adhesive based design were 

investigated. When compared to reference teeth (representing teeth commercially 

available on the market), the mechanical based designs proved to slow the backout rate 

of the nail by approximately 60% after 30 accelerated MC cycles. The use of polyurethane 

based adhesive to the adhesive based design effectively stopped moisture driven backout. 

The maximum withdrawal force for each mechanical design, and the work required to 

remove the teeth from the timber, were only marginally affected by the number of MC 

cycles the timber specimen were exposed to. In contrast, the control (base) teeth and the 

adhesive based design lost up to 60% of their initial maximum withdrawal strength after 

one severe MC cycle. For these two designs, the maximum withdrawal force was only 

reduced after the first moisture cycle and remained constant for all cycle increments after 

that, regardless of tooth backout. The withdrawal capacity of the two mechanical and one 

adhesive based design after one moisture cycle was approximately 158 N, 328% higher 

than the one of the control (base) teeth. The three investigated designs proved to be 

efficient in improving the performance of the teeth, both in term of backout and 

withdrawal capacity. Based on the results within this chapter, the mechanical designs 

(both MD1 and MD2) would be a more economical and practical solutions to extend the 

use of timber trusses to external environments when compared to the introduction of an 

adhesive to the nailplate. While the results are very promising, and it has been proven that 

modifying the tooth profile, with and without glue, can greatly decrease the backout rate 

and increase the withdrawal resistance (ideally increasing the nailplate joint capacity 

when it fails in plate peeling), the ability of the joints to be adapted to a manufacturing 
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environment and maintain the same level of performance for a whole joint stands to be 

tested. This chapter leads a pathway to eventually use nailplates in weather exposed 

conditions and improve the structural performance and reliability of timber trusses.  
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ABSTRACT 

Nailplated timber trusses are widely used in residential housing, however there is 

limited evidence of use or research into the application of nailplated trusses in exposed 

environments. It is common knowledge to the nailplated truss industry that weather 

exposed trusses experience a phenomenon referred to as “nailplate backout”, where the 

nailplates separate from the timber surface due to the shrink-swell mechanism of the 

timber in response to its varying moisture content. This chapter investigates the 

performance of innovative nailplated joints on; (i) stopping moisture-driven backout and 

(ii) increasing the capacity of the joints, when compared to currently used joints, after 

exposure to severe moisture cycling. Three different experimental sets of joints were 

manufactured to achieve these outcomes, with Set 1 and Set 2 containing 100 splice and 

100 butt joints while Set 3 had 40 splice and 40 butt joints. Sets 1 and 2 have a re-designed 

tooth profile where: (i) Set 1 combined a polyurethane adhesive with a modified nailplate 

tooth designed to allow the adhesive to penetrate the timber and (ii) Set 2 implemented a 

hook in the middle of the nailplate teeth to grab the timber when the nailplate tries to 

separate from the timber, either from moisture induced backout or from loading. 

Polyurethane adhesive was also used in Set 3 but on an un-modified tooth profile. To 

evaluate the efficiency of the new nailplates, control joints with unmodified nailplates 

were manufactured for each set and tested. All joints were subjected to severe accelerated 

moisture cycles inside an air-driven kiln with the temperature being kept constant 70oC 

and the relative humidity varied between 15% and 95%. The cycles consisted of a 7-hour 

wetting and an 18-hour drying period. For Sets 1 and 2, the tensile capacity of the joints 

was measured after 0, 3, 6, 9 and 12 moisture cycles, while for Set 3, it was only measured 

after 0 and 12 cycles. The backout was recorded after each moisture cycle for Sets 1 and 

2 and after 12 cycles for Set 3. The average backout of Set 1 and Set 2 control joints after 
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12 severe cycles was 1.13 mm and 1.01 mm, respectively, while the addition of glue and 

a hook reduced the backout to 0.56 and 0.92 mm, respectively. In terms of capacity, the 

adhesive in Set 1 increased the capacity for the splice joints and butt joints by 43% and 

13% respectively. In Set 2, the hook only marginally increased the capacity of the splice 

joints by 13% and reduced the average butt joint capacity. Observations were made 

regarding the failure modes of the joints. The addition of the adhesive and hook to the 

nailplate teeth resulted in more joints failing due to the capacity of the timber rather than 

due to the nailplate separating from the timber during the tensile testing.  

4.1 INTRODUCTION 

With the evolution of manufacturing machineries and an ever-increasing demand 

for prefabrication in the construction industry, steel nailplated timber trusses have become 

an essential component of residential construction. As of 2017, these trusses represented 

28.5% of the $5.7 billion Australian “Wooden Structural Component Industry” (Allday 

2017) and are widely used throughout the housing market domestically and 

internationally (Bylund 2017).   

Nailplates are manufactured by die-punching or stamping closely spaced teeth (6 

to 10 mm long) from approximately 1 to 2 mm thick steel plates. The nailplates are then 

pressed, generally using specialist pressing equipment but can sometimes be hand 

hammered, into both sides of two adjacent sawn timber or laminated veneer lumber 

(LVL) members to form a joint (Wood Solutions 2018). Nailplated trusses commonly 

form the roof shape and part of the flooring system. In the latter, sawn or engineered 

timber top and bottom cords are separated by steel webs also die-punched to connect to 

the timber. These nailplates have advanced from earliest patents granted at least as far as 

1962 (Atkins 1962) to the current commercially available nailplate design which is based 

on a 30-year old patent (Smith et al. 1988).  
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It is widely known and accepted throughout the industry that nailplated trusses are 

unable to be used for external applications. This is because nailplates exposed to external 

conditions tend to “backout” from the parent timber (Paevere et al. 2009).  Externally 

located timber is likely to experience large variations in moisture content and 

consequently the timber shrinks and swells in response. This variation in moisture content 

can come from the air’s natural humidity or from direct water contact during rain events. 

This shrink-swell response results in a “ratcheting” of the nailplates from the parent 

timber (Paevere et al. 2009). Evidence of this moisture driven backout are shown in 

Figure 4-1 where timber trusses, to be used within the roof space, have been left on a 

building site exposed to the natural elements for more than a year.  

 
 

   Figure 4-1 Nailplates that have backed out from timber trusses left exposed to 

rain and sun. Location: Gold Coast, Australia. 

The use of nailplated trusses is therefore currently limited to internal 

environments, such as within the roof or floor space. However, nailplate backout has still 

been observed in enclosed environments. Paevere et al. (2009) investigated a series of 

retirement homes in 2002 in Australia where extensive backout of nailplates from 

protected roof trusses was observed. It was noted that backout predominately occurred in 

the houses without sarking (i.e. a moisture barrier) between the roof cladding and the 

timber trusses. The lack of a moisture barrier caused an increased variation of humidity 

and temperature within the roof space. In summer, the addition of sarking reduced the 

surface equivalent moisture content variation of the timber from 16% (varies between 2% 
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to 18%) to 7% (varies between 5% to 12%) while the effect in winter was slightly less 

pronounced.  

The rate of backout has also been attributed to the service loading of the nailplate 

joint where joists with higher service loads often experienced higher instances and 

amounts of backout (Melton 2000; Paevere et al. 2009). Melton (2000) commented that 

while the issue is not wide spread, the effect of the backout is such that the remaining 

capacity of the joint after nailplate backout is commonly less than that accepted by 

standards.  

The cause of moisture driven backout and joint strength deterioration due to 

moisture cycling has varied across researchers. Mtenga et al. (2012) give two potential 

causes for the moisture-driven backout and subsequent loss in joint strength. They state 

that as the timber swells, the nailplate will either be squeezed out of the timber to 

accommodate the increasing volume of timber thereby reducing the tooth to timber 

contact area, or the timber around the tooth hole made to accommodate the embedded 

tooth is enlarged as the timber swells into the tooth edge thereby also reducing the 

available friction between the timber and the nailplate tooth. Paevere et al. (2009) believe 

the cause of the backout is due to a ratcheting effect where the timber will swell in the 

presence of moisture and as it swells, it will “grab” the tooth and expand upwards with 

the tooth. Then during the drying phase, the tooth will re-penetrate the timber but only to 

a certain point, and not the full amount. Walkup et al. (2016) stated that the cause of 

backout can be attributed to the in-service drying of the timber as well as factors including 

different timber thicknesses, presence of knots near the nailplate, unequal or low 

embedding pressure of the nailplate and spring back of the nailplate as the timber relaxes 

around the teeth. Smulski (1993) comments that excessive heat and moisture can cause 

the backout of the nailplates in floor trusses. Groom (1995) describes the backout of the 
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nailplates as being caused by the moisture hysteresis initiating dimensional changes in 

the lumber. Groom (1995) also found that the backout is highly dependent on the 

amplitude of the moisture content (MC) variation. The author subjected joints to eight 

MC cycles between 9 and 15% average MC which resulted in a 3-4% backout of the tooth 

length (0.32 mm). This is compared to 17% (1.32 mm) backout of tooth length backout 

when the joints were cycled between 5 and 19% average MC over the same number of 

cycles. All authors however agree that as the nailplate is forced from the timber there is 

less tooth to timber interaction (friction) which is ultimately reflected in the loss of the 

joint tensile capacity.   

While there has been some research into the effect nailplate backout has on 

remaining joint strength, ((Groom 1995; Klein and Kristie 1998; McAlister 1990; Neilson 

1999; Paevere et al. 2009; Street 2010; Walkup et al. 2016)),  the studies are not 

exhaustive, and results are often inconsistent between researchers, likely due to the high 

number of factors that can affect the joint capacity. These factors include, timber species, 

nailplate type, loading level, loading orientation etc. While the main consensus is that 

moisture hysteresis causes nailplate backout and consequently reduces the loading 

capacity of the joint, the rate of nailplate backout and quantifiable loss in strength is 

largely unknown. As a result of this unknown or more so unpredictable loss in strength, 

the North American design standard for metal plate connected wood truss construction 

(American National Standards Institute 2014) and TPIC 2014 (Truss plate Institute of 

Canada 2014) make significant allowances in joint strength loss when backout is 

observed. The allowance is such that a backout of just 0.8mm (~10% of tooth length) 

requires a 40% and 60% reduction in joint capacity for the two codes, respectively.  

Currently, when backout occurs, the common practice is to reinforce the joint with 

either through bolts and/or gusset plates (Walkup et al. 2016). However, in an ideal world, 
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preventive measure would be preferred to restorative measures. Some limited attempts 

have been made to prevent nailplate backout entirely. Groom (1994) investigated the 

influence of coating the nailplate teeth with an epoxy resin on the backout rate and overall 

joint’s mechanical properties. Results showed that the epoxy coating proved effective in 

reducing the nailplate backout by approximately 25% after eight severe moisture cycles 

(i.e. with a MC ranging between 5 and 19%). The application of the epoxy also increased 

the strength and stiffness of the nailplated joint by up to 9% and 28%, respectively. It is 

noted that while there was an initial increase in stiffness due to application of epoxy, the 

majority of stiffness was rapidly lost with increasing moisture cycles, likely due to the 

brittle property of epoxy. Some level of deterioration of the adhesive interface between 

the nail and the timber has therefore likely occurred after severe moisture cycling. Paevere 

et al. (2009) conducted a series of shrink-swell tests to investigate the effectiveness of 

sealants (similar to a plastic cover over the nailplate) being placed along the length and 

on top of nailplated joints in reducing the nailplate backout. After 800 “wetting and 

drying” cycles conducted over a 3-year period it was found that the application of a 

sealant could limit joint backout, no values were reported however.  

One observation was common amongst all researchers and that was that the 

variability of timber as a material (species, growth rings, density, shrink/swell ratios etc.) 

and proprietary nailplate designs mean that a comprehensive study and prediction of 

backout based and joint strength deterioration will be difficult. 

In Mainey et al. (2019), the authors investigated two innovative design approaches 

to prevent moisture driven backout. The study was conducted using individual teeth 

instead of full nailplates based on the hypothesis that a nailplate’s properties can be 

determined from those of a single tooth (Foschi 1977). The designs’ effectiveness was 

assessed based on their ability to prevent moisture driven backout and increase the 



Page 89 

 

withdrawal resistance of the teeth i.e. measured by quasi-statically pulling the teeth out 

of the timber. One approach was to incorporate a mechanical hook (or anchor) into the 

tooth profile to grab the timber when pulling out the nail and the other was to introduce 

an adhesive to a modified tooth. The latter modification allowed the glue to penetrate the 

timber with the tooth instead of being swept off. In total, two mechanical based and one 

adhesive based designs were investigated. When compared to a reference tooth which 

represented the teeth of nailplates commonly used in industry, the hook/anchor-based 

designs proved to slow down the backout of the nail by about 60% after 30 accelerated 

moisture cycles. The use of a polyurethane based adhesive to the modified tooth profile 

limiting prevented moisture driven backout to 0.2 mm. The maximum force required to 

withdraw the nail from the timber for each mechanical design was not affected by the 

number of moisture cycles the timber was exposed to. In contrast, the control tooth profile 

and the adhesive based design lost up to 60% of their initial maximum withdrawal 

strength after one severe moisture cycle. However, the withdrawal strength of the glue 

design was still twice higher than that of the control tooth profile. 

While the previous study by Mainey et al. (2019) proved that changing the tooth 

profile could improve the performance of single nails, the results need to be validated on 

full nailplates. Therefore, the aim of this chapter is to assess the performance of full 

nailplated joints for which either a hook or adhesive is added to the tooth profiles when 

compared to that of commercially available nailplates. Specifically this chapter has 

several objectives which include (1) investigating the deterioration of joint strength (for 

existing and new (modified) nailplate designs) after severe moisture cycling, (2) 

monitoring the backout rate of the nailplated joints exposed to severe moisture cycling 

and (3) making recommendations for the use of the proposed nailplates in exposed 

environments. To fulfil these objectives, three different sets of nailplated joints, 
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representing two designs with adhesive and one with a mechanical hook, were 

manufactured and subjected to severe moisture cycles. In total, 140 splice and 140 butt 

joints were tested.   

First, this chapter introduces the nailplate designs investigated in the study and 

derived from Mainey et al. (2019). Second, the testing methodology, including specimen 

size, timber selection, joint manufacturing, moisture cycling process, backout 

measurements and tensile testing setup for the joints, is presented. Third, the chapter 

compares and discusses the joint capacity and backout for all investigated type of joints, 

considering the effect of the number of moisture cycles. All experimental results are 

compared to control joints, representing currently commercialised products. The potential 

use of the new nailplates in an exposed environment is finally discussed.  

4.2 MATERIALS AND METHODS 

4.2.1 Test Matrix 

The testing regime was broken into three different sets, each with joints 

manufactured from modified and unmodified nailplates, the latter acting as control 

samples. Figure 4-2 gives a schematic of the testing regime. In reference to section 2.2, 

Set 1 aims to investigate the addition of adhesive to a modified tooth profile while Set 2 

aims to investigate the addition of a hook manufactured into the tooth profile. Similar to 

Groom (1995), Set 3 aims to further investigate the effectiveness of adding glue to an 

unmodified tooth profile in reducing backout and joint deterioration after moisture 

cycling, however using a more ductile adhesive than the epoxy.  

In Sets 1 and 2, 100 splice (∥) and 100 butt (⊥) joints were manufactured 

following the procedure detailed later in section 4.2.3 Joint Manufacture. Sets 1 and 2 

were broken into 5 groups, where the joints in the group would be subjected to either 0, 

3, 6, 9 or 12 moisture cycles. The choice of the moisture cycles is discussed in Section 
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2.4. The joints from each group were loaded in tension to failure to determine the 

deterioration of tensile capacity. In Set 3, 40 splice and 40 butt joints were manufactured, 

and broken up into two groups to be tested at either 0 or 12 moisture cycles. Error! R

eference source not found.Table 4-1 further details the testing regime.  

 

Figure 4-2 Experimental regime used to investigate the influence of moisture on 

joint strength with varying parameters 

Table 4-1 Summary of number of joints tested for each moisture cycle 

   Number of Moisture cycles 

  No 

of 

teeth 

0i 3 6 9 12 

 Set Number of samples 

Splice Joints        

Glue Control 1 1 72 5 5 5 5 5 ii 

Glue 1 (with mod) 1 72 5 5 5 5 5 ii 

Hook Control 2 36 5 5 5 5 5 ii 

Hook 2 36 5 5 5 5 5 ii 

Glue Control 2 3 96 10    10 

Glue 2 (w/o mod) 3 96 10    10 

Butt joints        

Glue Control 1 1 72 5 5 5 5 5 

Glue 1 (with mod)  1 72 5 5 5 5 5 

Hook Control 2 36 5 5 5 5 5 

Hook 2 36 5 5 5 5 5 

Glue Control 2 3 96 10    10 

Glue 2 (w/o mod) 3 96 10    10 
i Kept at constant 12% MC 
ii Backout of the nailplates on these joints monitored after each cycle (see section 

“Backout Recording”) 

Note: mod refers to a modification made to the tooth profile 
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4.2.2 Nailplate design  

As mentioned in the previous section, the sets consisted of i) Glue Control 1 and 

Glue 1 (with modification) (Set 1), ii) Hook control and Hook (Set 2) and iii) Glue control 

2 and Glue 2 (without modification) (Set 3). The nailplates used in Set 1 had 72 teeth 

punched from the plate and were based on commercially available nailplates. The only 

difference between the Glue Control and Glue nailplates in Set 1 was that the glue plates 

had a small groove cut into the tooth to allow some of the glue to penetrate the timber 

instead of just being swept off. Figure 4-3 shows a schematic of the tooth design for Sets 

1 and 2. Set 2 nailplates had 36 teeth and were manufactured specifically for this study. 

Due to manufacturing limitations during the prototyping of the hook plate, it meant that 

they could only have 36 teeth. The difference between the hook control and the hook 

nailplates in Set 2 was that the hook plates had a small hook manufactured into the tooth 

profile. The hook is designed to grab the timber fibres as the tooth withdraws either due 

to moisture driven backout or as the plate peels away from the timber when loaded in 

tension. Set 3 plates had 96 teeth and there was no modification to the commercially 

available tooth profile for the control or glue nailplates. The teeth on average for all sets 

were 9 mm long, 3.5mm wide and the steel had a nominal thickness of 0.95 mm.   

The glue used in Sets 1 and 3 is a structural grade polyurethane-based glue (PUR). 

The PUR was deemed appropriate since it is a relatively ductile glue compared to epoxy 

meaning that its bond between the timber and the tooth is less likely to break as the timber 

shrinks and swells. Secondly, the glue also expands to fill voids as it sets which can 

further increase the withdrawal resistance of the tooth through friction. The nailplates did 

not have teeth in their middle section in accordance to the Australian Standard AS1649 

(Standards Australia 2001). 
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(a) Glue tooth Design (b) Hook tooth Design 

Figure 4-3 Schematic of tooth for the (a) glued teeth in Set 1 and (b) hook teeth in 

Set 2 

4.2.3 Joint Manufacture 

4.2.3.1 Timber and group selection 

The joints in Sets 1 and 2 were manufactured from 25 × 6.0 m lengths of hybrid 

pine (Pinus elliottii var. elliottii × Pinus caribaea var. hondurensis) boards. All boards 

were rated as MGP10 (Machine Graded Pine) (Standards Australia 2006), H3 treated 

(Standards Australia 2010) and had a 90 mm × 35 mm cross-section. From each board, 

four splice and four butt joints (see Figure 4-4 for joint schematic and dimensions) were 

manufactured. To minimise the influence of the timber mechanical properties on the 

results and allow comparison between joint types and modified/unmodified joints, the 

eight joints cut from 1 single 6.0 m long board represented one glue control joint, one 

glue joint, one hook control joint and one hook splice joints and the same for butt joints. 

The joints in Set 3 were manufactured from 10 × 6.0 m lengths of the same timber grade 

and treatment used in Sets 1 and 2. From each board, also four splice and four butt joints 

were manufactured, representing four Glue control joints and four Glue joints.  

For all sets, each board was cut ensuring that knots or imperfections in the timber 

would not be located directly under or within 100 mm of a nailplate edge. Each splice 

joint was manufactured from a 620 mm length which was cut in half just prior to the 
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nailplate being pressed into the timber, while each butt joint was manufactured from a 

450 mm and a 310 mm length.  

After the timber pieces for each joint were cut, they were conditioned at 20oC and 

65% relative humidity (RH) to an equilibrium moisture content of 12%. The density of 

each 450 mm and 620 mm timber piece used to manufacture each specific joint was then 

recorded and the dynamic Modulus of Elasticity (MOE) of the same pieces was 

determined using a non-destructive acoustic resonance method (Brancheriau and 

Bailleres 2002; CIRAD 2018). The MOE of the 310 mm pieces that formed part of the 

butt joint was unable to be measured due to their size. The average density, measured 

across all 450 mm and 620 mm pieces, was 604 kg/m3 with a Coefficient of Variation 

(CoV) of 9.3% while the average recorded dynamic MOE was 12,340 MPa with a CoV 

of 16.5%.  

To allow comparison between moisture cycles and further minimise the influence 

of the mechanical properties of the timber on the tensile capacity or backout of the 

nailplates, the boards chosen for each moisture cycle groups (i.e. 0, 3, 6, 9 or 12 MC) 

were selected based on the average MOE of the 6.0 m board from which the samples were 

cut.  Each of the 25 boards of Sets 1 and 2 were ranked based on their average MOE. The 

boards were then divided into five MOE groups with group one containing the five 

highest MOE boards and group five containing the five lowest MOE boards. From each 

MOE group (Groups 1-5), one board was randomly chosen to make up one moisture cycle 

group. For Set 3, since each 6 m timber board could accommodate four splice and four 

butt joints, the eight joints were divided into a 0-cycle control, 0-cycle glue, 12-cycle 

control and 12-cycle glue splice and butt joints.  
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(a) (b) 

Figure 4-4 Dimensions of tested joints: (a) splice joint and (b) butt joint. 

4.2.3.2 Joint Fabrication 

All cut timber pieces were conditioned for 2-3 months in a conditioning chamber 

at 20oC and 65% RH. Similarly, all joined (after nailplate pressing) samples prior to being 

placed in the kiln were kept at the same conditions and the 0 cycle samples remained at 

these conditions while the kiln was in use.  

After the timber was conditioned, two nailplates were pressed into the timber to 

form a joint. One plate was pressed at a time using a 100 kN Shimadzu universal testing 

machine. A rigid steel plate was inserted between the nailplate and the loading head of 

the testing machine, a pre-load of 200 N was applied and the nailplates were pressed in 

displacement controlled, at a rate of 11 mm/min, until a force of 70 kN was reached. This 

force was sufficient to bring the parent plate flush with the timber while ensuring the plate 

was not over-embedded. The force and the displacement were measured from the testing 

machine stroke and load cell when pressing the nailplates. Analysis of the force-stroke 

graphs allow for the timber “hardness” to be estimated. While this is not the typical 

hardness test performed on timber, this data will allow for the comparison of the relative 

timber hardness at given depths up to the nail penetration depth. For the glued nailplates, 
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the glue was applied to the nailplates by dipping the plates into a container of 

polyurethane structural adhesive just before pressing. On average 0.9 grams of 

polyurethane glue was applied per nailplate.  

Testing by McAlister (1990) and preliminary testing as part of this chapter (not 

shown in this chapter) of similar nailplated joints showed that cracking of the timber is 

likely to occur due to the large and rapid variation of moisture within the timber. These 

cracks generally originate from the exposed ends of the timber where timber checks had 

formed. In practice, the timber boards used to form a truss will be longer than the 310 

mm and 450 mm long pieces used in these tested joints, therefore, moisture coming from 

an exposed free-end in a real truss is unlikely to occur. To replicate long timber boards 

and prevent cracks from timber checks propagating from the free ends to the nailplate 

area, a sealant was applied to the exposed ends of the timber specimen after the nailplate 

was pressed into the timber (i.e. no sealant was applied at the timber ends under the 

nailplate). 

4.2.4 Moisture cycling procedure 

To subject the joint to severe moisture cycles, the samples were placed in a 15 m3 

air-driven kiln and were laid out on “spreaders” to permit an even air flow of ~3 m/s to 

pass between them (see Figure 4-5). The airflow was measured to be consistent and well 

distributed through the samples in the kiln by using an anemometer placed between the 

samples at the beginning of the cycling process. The conditions inside the kiln were 

computer controlled using wet bulb and dry bulb readings and set to aim a moisture 

content variation of the timber between ~2% and ~22% at the surface of the timber. These 

target moisture contents were determined based on evidence from Nguyen et al. (2008) 

who found that conditions (temperature and humidity) within the roof space can cause 

surface equivalent moisture contents between 2% and 22%. The choice of conditions is 
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further justified by Groom (1995) who observed significant nailplate backout (backouts 

exceeding 1.5 mm were recorded after just 8 moisture cycles) for specimens that varied 

between 5% and 19% average moisture content. The conditions were also monitored 

using a portable data logger which recorded temperature and relative humidity at 30 

second intervals.  

To achieve moisture driven backout of the nailplates within a reasonable time 

frame, an accelerated moisture cycling regime was employed. One-day cycles were 

targeted and the following conditions which induce backout were thought: i) a large 

average moisture content variation (Groom 1995) and ii) a significant moisture gradient 

within the timber. Using a deterministic heat and mass transfer model known as 

TransPore (Redman et al. 2017), a dry bulb temperature of 70oC, combined with the 

relative humidity varying between 15% and 95% and a steady air speed of 3 m/s, achieved 

one-day cycles and objectives i) and ii). The model predicted that the average moisture 

content could vary between 8 and 15% based on the assumed  timber properties. 

To investigate the influence of the number of moisture cycles (using a large kiln) 

on joint strength, five of the splice and five of the butt joints for each design in Set 1 and 

Set 2 (i.e. 40 joints total) were removed from the moisture cycling regime after 3, 6, 9 and 

finally 12 cycles. All Set 3 specimens (that were subject to moisture cycling) were 

removed from the kiln after 12 moisture cycles (see Table 4-1). Throughout the moisture 

cycling of the specimens, five splice joints from Set 1 and Set 2 control and design (20 

joints total) had the backout of the nailplate recorded after every moisture cycle to observe 

the backout rate of the different designs.  

A typical moisture cycle lasted 24 hours and consisted of steps 1 to 6 detailed 

below. Steps 1, 2 and 3 occurred every morning, steps 4 and 5 occurred in the afternoon 
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while step 6 only occurred on the 4th, 7th, 10th and 13th morning. The measurement 

protocol is as follows: 

1. Weighing of the 5 glue control, 5 glue, 5 hook control and 5 hook splice joints in 

Sets 1 and 2 which were to experience the full 12 cycles for the purposes of 

determining the average moisture content after each cycle 

2. Recording the nailplate profile/backout of the above 20 splice joints (see “Backout 

recording” methodology below). Kiln was stopped with door kept closed for 

approximately 1 hour during this time.  

3. Wetting the samples for 7 hours at a target of 70oC and 95% RH.  

4. Weighing the same 20 splice joints as from step 1 and then replacing the joints in 

the kiln. 

5. Drying the samples for 16 hours overnight at a target of 70oC and 15% RH. 

6. Remove the joints that had completed their scheduled number of cycles (i.e. 3, 6, 

9 or 12) 

 

Figure 4-5 Samples in kiln laid out on spreaders to ensure good air flow through 

the specimens 

After being removed from the kiln, all joints were stored at 40oC and 70% RH 

(these conditions were used instead of the common 20oC and 65% RH due to the available 

conditioning equipment’s temperature limitations, i.e. minimum stable temperature was 
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35oC) for the timber to reach a target moisture content of 12% (measured at 13.1 % on 

average using the oven-dry method set out in AS1080.1 (Standards Australia 2012) 

immediately after joint testing).  

After the 9th drying, the moisture gradient within the timber was determined using 

two sacrificial timber samples from which two 30 mm × 30 mm × 35 mm core pieces 

were cut per sacrificial piece. The sacrificial timber pieces were timber pieces in length 

of 250 mm, had no nailplates and had Bondcrete applied at exposed ends. The locations 

of the cores are shown in Figure 4-6 for each piece. The core pieces were then cut into 

1.5-2 mm thick slices through the thickness of the timber and the moisture content of each 

slice was determined using the oven dry method (AS/NZS 1080.1-2012). This operation 

was also repeated after the 10th wetting and 10th drying cycle using different sacrificial 

timber samples    

  
(a) (b) 

Figure 4-6 Location of cores taken from (a) first sacrificial piece and (b) second 

sacrificial piece  

4.2.5 Backout recording 

The backout of the nailplates of the selected splice joints was recorded by 

measuring the nailplate profile before moisture cycling and again (after re-conditioning 

to 13.1% MC) after completing the maximum moisture cycling for the given joint. The 

splice joints for which the backout was recorded were the samples that experienced 6, 9 

and 12 moisture cycles in Set 1 and Set 2 and all splice joints in Set 3 that experienced 12 

moisture cycles.  
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Four laser displacement transducers and one wire Linear Variable Differential 

Transformer (LVDT) were used to measure the nailplate profile. Two lasers were 

positioned on the top of the joint while two lasers were positioned beneath it with the 

beams of the lasers perpendicular to the plane of the joints. The wire transducer was 

attached to a hook on the end of the specimen to record the position of the timber and 

nailplate relative to the laser position. Figure 4-7 gives labelled diagrams of the setup 

used to measure the backout and Figure 4-8 gives the locations across the nailplate that 

the backout was measured. The specimens were positioned so the lasers were initially 

aligned on the timber and the specimen was then rolled so the lasers passed over the 

nailplate and to the timber on the other side. To measure at the six locations in Figure 4-8, 

the specimen had to be measured once and then flipped and run through the device again.  

Two lasers recorded the backout 10 mm in from the edge of the nailplate while 

the remaining two lasers recorded the backout at the centre of the nailplate. To determine 

the backout a comparison between the initial plate position and final plate position is 

required. Figure 4-9 shows the longitudinal profile of a nailplate (for one of the six 

locations) measured before and after moisture cycling. The backout is measured as the 

difference between the two profiles at the nailplate edge. A profile was made for each of 

the six positions across the nailplate joint (Figure 4-8). The middle backout given in this 

chapter is the maximum of the first run and the flipped run for each specimen while the 

edge backout was the maximum backout of the four edges.  
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Figure 4-7 Model of jig used to measure the nailplate profile for the purposes of 

measuring nailplate backout. 

 

Figure 4-8 Backout measurement locations 

 

Figure 4-9 Typical backout measurement for a sample measured at 0 cycle and 12 

cycles 

4.2.6 Tensile testing 

After a sample was exposed to its required number of moisture cycles (Table 4-1) 

and conditioned, it was tested in accordance with the Australian standard AS1649-2001 
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(Standards Australia 2001). A 100 kN Shimadzu universal testing machine was used to 

perform the tests. The tests were performed in displacement control at a loading rate of 

1.25 mm/min and the extension of the joint, defined as the relative displacement of the 

two timber pieces above and below the joint, was recorded using a non-contact 

extensometer. The markers for the extensometer were placed on the timber, either side of 

the nailplate (~150mm apart). The stiffness of the joint is reported herein as the slope of 

the load-displacement curve determined by performing a linear regression between 25 

and 40 per cent of the maximum joint tensile capacity. The test setup is illustrated in 

Figure 4-10 and Figure 4-11. 

In addition to the loading capacity and the stiffness, the failure mode of each joint 

was recorded as well as the side of the timber (bark or pith) on which it occurred. The 

failure modes were classified into one out of three categories: (1) “friction”, (2) “plug” or 

(3) “tension” failure. A “friction” failure refers to the withdrawal of the teeth from timber, 

also called plate peeling, a “plug” failure refers to a “chuck” of timber being withdrawn 

from the timber, typically caught in the teeth, and a “tension” failure refers to a crack 

along the grain of the timber. Photos of these failure modes are shown in the “Results” 

section.  
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Figure 4-10 Schematic of tensile testing setup splice joint (left) and butt joint 

(right) 

 

Figure 4-11 Tensile testing setup splice joint (left) and butt joint (right). 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Measured Kiln conditions  

The conditions inside the kiln (recorded using a portable data logger) are shown 

in Figure 4-12. The spikes in temperature are a result of the sudden change in conditions 



Page 104 

 

as the kiln was opened for sample removal and measurement and in addition to the 

conditions changing from wetting to drying or vice versa. During the change of 

conditions, the temperature never dropped below 35oC. The moisture cycles generated an 

average moisture content (based on the recorded mass taken of the five splice joints after 

each wetting and drying) of the samples varying between 5% and 9% as shown in Figure 

4-13. However, the surface moisture content varied between 4% and 22% as explained 

below and shown in Figure 4-14.  

Note that during the first cycle, the kiln heating unit did not function correctly and 

only dried the timber by, on average, 2-3%. However, it is still considered a full moisture 

cycle for the purposes of this chapter. While the average moisture content varied only 

between 5% and 9%, a large moisture gradient was experienced within the timber. The 

distribution of the moisture content through the core sample is plotted in Figure 4-14 

based on the average of four cores taken after the 9th and four cores taken after the 10th 

drying cycle and four cores taken after the 10th wetting cycle. Figure 4-14 shows that the 

top 6 mm of the timber varied in average moisture content by approximately 12%, where 

it averaged 4% after a drying phase and about 16% after a wetting phase.  The middle of 

the timber was relatively stable with a moisture content between 9% and 12% due to the 

short cycling times which do not allow the moisture to fully penetrate and stabilise within 

the timber.  

 
Figure 4-12 Conditions measured by data logger inside kiln throughout testing 
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Figure 4-13 Average moisture content of samples in kiln 

 

Figure 4-14 Moisture distribution through the samples (an average from eight 

samples measured after the 9th and 10th drying cycles and four samples after the 

10th wetting cycle).   

 

4.3.2 Backout  

4.3.2.1 Sets 1 and 2 

Figure 4-15 and Figure 4-16 show the measured average backout for Set 1 and Set 

2 samples respectively. Figure 4-15 gives the progressive average backout of the five 

splice joints for each design which were tested after 12 cycles. The recording was made 

after each drying cycle as indicated in Figure 4-16 gives the average backout of the splice 

joint nailplates for Sets 1 and 2 recorded just prior to tensile testing.  Figure 4-16 (a) gives 

the maximum backout at the middle of the plate while Figure 4-16 (b) shows the 
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maximum backout measured ~10 mm in from the edge of the plate. The difference 

between the middle and the edge backout curves in Figure 4-15 demonstrates a doming 

(Figure 4-17 (a)) of the nailplate, further explained later in the chapter.   

Overall the adhesive with a modified tooth profile (Set 1) decreased the amount 

of backout by approximately 50% after 12 severe moisture cycles with the control joints 

backing out on average by 1.13 mm in the middle of the plate. The backout of the glued 

plates appeared to occur within the first six moisture cycles as shown in Figure 4-15 (b) 

with the backout plateauing after this time. In contrast, the backout rate of the control 

joints did not seem to be affected by the number of cycles.  

With respect to the hook design (Set 2), Figure 4-16 shows approximately a 10% 

and 37% reduction of the plate backout at the middle and edge of the plate after 12 

moisture cycles, respectively, when a hook was introduced into the tooth profile.  The 

only remarkable difference between the hook and glue designs was that the hook nailplate 

appeared to have stopped backing out at the edge after six moisture cycles as shown in 

Figure 4-15 c and d. Mainey et al. (2019) observed a similar trend in a study where the 

authors investigated the moisture driven backout rate of single nailplate tooth with and 

without a hook. The hook-based tooth design backed out at the same rate as the control 

for the first five cycles up to a backout of 0.3 mm. This amount of backout is necessary 

for the hook to engage (or grab) the timber and stop withdrawal.   

4.3.2.2 Set 3 

The backout of the Set 3 splice joints is given in Figure 4-18. The glue reduced 

the backout by 29% and 21% at the middle and edge of the plate, respectively when 

compared to the control samples, after 12 moisture cycles. Interestingly when comparing 

the control from Set 1 (72 teeth nailplate) and control from Set 3 (96 teeth nailplate), the 
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Set 1 plates had an overall edge backout of 0.55 mm while the Set 3 plates only backed 

out 0.38 mm potentially indicating that the backout rate is also a function of the number 

of embedded teeth.  

4.3.2.3 Doming 

Throughout the testing, doming of many of the nailplates was observed as the 

joints experienced increasing number of moisture cycling. A photo of this doming is 

shown in Figure 4-17 (a). The doming or “bulging” effect is commonly attributed to the 

shrinking of timber after the nailplates have been pressed into it (Paevere et al. 2008; 

Quaile and Keenan 1979). The doming effect was not universal across all joints with some 

joints showing flat backout (see Figure 4-17 (b)). It is also noted for the domed nailplates, 

there were no measured or observable difference between plates pressed in the pith or 

bark side of the timber, which is interesting given that the pith side experiences less 

shrinkage than the bark side.  

The doming is a result of the shrinking of the timber during the drying phase while 

the steel nailplate will experience negligible change in dimensions over time (relative to 

the variation the timber experiences). This combined with the timber drying and wetting 

faster at the corners (due to moisture diffusion occurring from two planes) will cause the 

timber to apply an unequal force across the nailplate teeth. This unequal force causes a 

high lateral movement on the teeth closest to the plate edge relative to those teeth in the 

middle of the plate.  Since all teeth are laterally restrained by the nailplate parent plate, 

these non-distributed forces cause the nailplate to “dome” or “bulge”. It is noted that the 

bulging of the nailplates was not reported by either Paevere et al. (2008) or Groom (1995) 

who recorded nailplate backout in the range of 0.2 mm to 1.55 mm when joints were 
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exposed to moisture cycling. This kind of effect was likely not observed by these authors 

due to the slower rate at which the nailplated joints were moisture cycled.  

  
(a) Glue Control 1 (Set 1) (b) Glue 1 (with mod) (Set 1) 

 

  
(c) Hook control (Set 2) (d) Hook (Set 2) 

 

Figure 4-15 Progressive backout of nailplate after moisture cycling 

 
(a) Nailplate backout at middle of plate 
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joints had tension, plate peeling and tension failures. These are further reported on in 

section 3.3.6. A paired-samples t-test was used to determine whether there was a 

statistically significant mean difference between the tensile capacity of the control and 

glue plates in Set 1 and the tensile capacity of the control and hook. All data was normally 

distributed. On average, across all 25 splice joints (disregarding moisture cycling effects), 

the addition of the glue caused a statistically significant mean increase in tensile capacity 

of 43% (or a mean increase of 8.0 kN (95% CI, 6.58 to 9.36), t(24) = 11.9, p < .001). 

Across all 25 butt joints, the addition of the glue caused a statistically significant mean 

increase in tensile capacity of 13% (or a mean increase of 2.9 kN (95% CI, 1.80 to 4.02), 

t(24) = 5.41, p < .001). Given that the backed out glued nailplates had a higher tensile 

capacity than the control, it is reasonable to assume that the induced backout had not 

entirely broken the glue bond. If the bond was damaged, somewhat likely given the 0.56 

mm of backout, there must be some additional interactions between the adhesive, tooth 

and timber that were present. These interactions could be a result of the expansive nature 

of the PUR glue which can fill in voids around the tooth thereby increasing the friction 

between the tooth and the timber while also allowing the expanded glue to act as an 

“anchor”. 

Unexpectedly, the results showed that the capacity of the joints did not 

significantly decrease after moisture cycling and this despite nailplate backout (Figure 

4-16). This is in contradiction to the findings by Paevere et al. (2008) and Groom (1995) 

who found that “backed-out” nailplated joints have significantly reduced tensile strength. 

This is also in contradiction to the findings of the single tooth investigations previously 

discussed in Mainey et al. (2019) in which one severe moisture cycle resulted in about 

50% and 60% reduction in tooth withdrawal capacity for the control and glued teeth, 

respectively. It is noted that Set 3 joints showed a decrease in joint capacity after moisture 
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cycling as discussed later. Similarly, to Set 1, there was no reduction in joint strength in 

Set 2 with increasing moisture cycles. It is noted however that the lack of progressive 

decrease in joint strength with increasing backout amount is not completely unexpected.  

Walkup et al. (2016) found that nailplated joints with 2 mm and 4 mm backout had the 

same strength (number of samples were 4 and 6 for the 2 mm and 4 mm backout 

respectively).  

Across all 25 splice joints in Set 2, the addition of the hook resulted in a 

statistically significant mean increase in tensile capacity of 13% (or a mean increase of 

1.51 (95% CI, 0.42 to 2.61) kN, t(24) = 2.91, p < .01). On the other hand, the hook caused 

a statistically insignificant reduction of 2.5% in tensile capacity for the butt joints.  

4.3.3.2  Set 3 

Figure 4-20 (a and b) shows a boxplot of the tensile capacity of Set 3 joints. The 

addition of glue to unmodified teeth in Set 3 resulted in a statistically significant increase 

in the splice joint capacity of 20% (or a mean increase of 6.85 kN (95% CI, 3.52  to 

10.18), t(9) = 4.66, p < .001) and 14% (or a mean increase of 4.54 kN (95% CI, 1.51  to 

7.57), t(9) = 3.39, p < .008) after 0 and 12 moisture cycles, respectively. For the butt 

joints, there was a statistically significant increase of 8.6% (or a mean increase of 2.21 

kN (95% CI, 0.70  to 3.47), t(9) = 2.69, p < .025) after 0 moisture cycles, but a statistically 

insignificant  increase of 8.9% after 12 moisture cycles. While the adhesive butt joints 

had on average an 8.9% higher tensile capacity, there was a large variation of the tensile 

capacity in the adhesive butt joints and this can be seen in Figure 4-20b. 

In contrast to the findings in Set 1 and Set 2, there is an evident decrease in joint 

capacity after 12 moisture cycles (12% for the control joints and 13% for the glued joints). 

This difference in results may be attributed to the number of teeth punched in the plates 
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between Sets 1-2 (72 teeth) and Set 3 (96 teeth). It could be considered that the effect of 

moisture cycle on the performance of the nailplate joints is not significant enough unless 

it is acting over a larger number of teeth. Yet, this hypothesis will need to be investigated 

outside the scope of this chapter. Additionally, the reduced effect of the glue in Set 3 

compared to Set 1 is in line with the findings in Mainey et al. (2016) where single teeth 

with glue on an unmodified profile were proven to only have 50% of the effectiveness of 

a tooth with a modified profile with glue.   

4.3.3.3 Tensile Stiffness 

Figure 4-21 gives the stiffness of Set 1 and Set 2 joints. The glue in Set 1 increased 

the joint stiffness by 34.7% and 18.4% on average for the splice and butt joints, 

respectively, when compared to the control joints. On the other hand, the addition of the 

hook in Set 2 had a negligible change in the joint stiffness.  

Set 3 joint stiffness is presented in Figure 4-20 (c, d) for both the splice joints and 

butt joints. The addition of glue to an unmodified tooth profile increased the stiffness by 

53% for both the 0 and 12 cycled splice joints, and 27% and 21% for 0 and 12 cycled butt 

joints, respectively. Both the control and the glue joints lost between 60% and 68% of the 

initial stiffness after 12 moisture cycles for both the splice and butt joints, which is far 

more significant than the 10% and 16% loss in ultimate capacity for the same Set 1 joints. 

The significant loss of stiffness for the Set 3 joints compared to Set 1 joints after moisture 

cycling likely indicates the importance of having a grove to allow the glue to penetrate 

the timber.   

4.3.3.4 Backout verse joint capacity  

To investigate if a relationship between joint backout and joint tensile capacity 

exists, a Spearman’s rank-order correlation was run. There was no clear correlation 
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between the amount of backout measured and the tensile capacity of the joint, for any of 

the plates in Set 1 and Set 2. However, in the case of Set 3, there was a statistically 

significant negative correlation between amount of backout and joint capacity, rs (8) = -

0.80, p < .02 and rs (8) = -0.79, p < .001 for the control and glue plates respectively thereby 

indicating some link between amount of backout and loss in joint strength. Figure 4-22 

and Figure 4-23 plot the measured backout at testing (considering all cycles) versus the 

joint tensile capacity for all individual samples for Sets 1-2 and Set 3, respectively. The 

lack of correlation between the backout and joint strength loss may be due to the doming 

of the plates which was more apparent in Sets 1 and 2 than in Set 3. This increased doming 

in Sets 1 and Sets 2 may have caused the joint to behave somewhat differently as the 

doming may have increased friction between the nailplate teeth and the timber, therefore 

compensating for the reduced surface area of the tooth and timber due to backout. 

4.3.3.5 Other relationships 

For all sets, there appeared to be no strong relationship between the MOE of the 

timber used in the joint manufacturing and either the joint capacity or stiffness of the 

joints. No comment is made on the MOE of the timber and the amount of backout 

observed due to limited data being available. It is worth noting that while no link between 

the MOE and the performance of the joint was observed, the MOE reported was that of 

the whole board and it ignores the fact that nailplates teeth are only embedded ~8 mm 

into the timber where the MOE will be different to that of the board average.  

In contrast, there appeared to be a correlation between the hardness of the timber 

at a depth of 5-7 mm, and the capacity of the butt joints. This relation is shown in Figure 

4-24. Based on a Spearman’s rank-order correlation, the correlation was statistically 

significant, rs (138) = 0.756, p < 0.01.   
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4.3.3.6 Failure modes 

The different failure modes experienced by the joints and mentioned in 

methodology section “2.6 Tensile Testing” are shown in Figure 4-25. While all splice 

joints failed in tooth withdrawal, three different failure modes were encountered for the 

butt joints and their distribution is reported in Table 4-2 for all sets. The following 

observations can be made: 

• Adding glue to the nailplates in Set 1 resulted in 24 of the 25 butt joints failing 

due to plug (15 joints) or tension failure (9 joints), while 24 of the 25 control joints 

failed due to the nailplate peeling away from the timber (friction failure).  

• In the case of Set 3, the increased number of teeth in the nailplate resulted in 11 

out of 20 control joints failing due to plug failure and the remainder failing in 

friction. However, the glue still maintained a higher number of plug (7 joints) and 

tensile failures (4 joints) than friction failures (9 joints).  

• There were less tensile failures in Set 3 when compared to Set 1, likely due to the 

two main differences between these two joints: the number of teeth and the 

addition of a mechanism to help the glue penetrate in Set 1. For the joints failing 

in tension or plug, the timber properties become the controlling design parameter, 

instead of a more “un-measurable” steel to timber friction property for the friction 

failure. It is believed that incorporating a way for the glue to penetrate the timber 

instead of simply being swept off, forces the timber to move with the nail and 

therefore the joint capacity is more dependent on the timber properties instead of 

the fiction generated between the tooth and the timber. Gupta and Gebremedhin 

(1990) tested a series of nailplated wood truss joints in axial and bending 

conditions and one of the concluding remarks was to suggest that joints should be 

sized so that failure occurs in the wood or steel instead of depending on tooth-
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holding capacity. In effect, the addition of the glue and the hook has started to 

achieve this in the butt joints.   

• There was no significant variation in failure modes with respect to the number of 

moisture cycles undertaken. 

Table 4-3 and Table 4-4 report on the side of the timber on which failure occurred 

and show that having a nailplate pressed on the bark or pith side would not particularly 

affect the capacity. This reinforces the findings from Paevere et al. (2009) who 

investigated if the side and sawing orientation (back-sawn or quarter-sawn) of the timber 

boards significantly impact the backout rate and found there was no clear trend.   

4.3.4 Recommendations for external use 

This chapter has established that adjustments and innovative designs can be made 

to the nailplate tooth profile and result in significantly different performance of the 

nailplate joint. The combination of an adhesive such as polyurethane and a modified tooth 

profile not only enhances the mechanical performance of the nailplates, they also 

significantly decrease the rate of moisture driven backout. The addition of a hook into the 

tooth profile showed decreases in moisture driven backout with signs indicating that the 

backout may be plateauing for the plates with a hook. The manufacturing limitations 

during this prototyping of the hook plate meant that they could only have 36 teeth. 

However, if the hook teeth could be replicated on a more densely toothed plate, the results 

are likely to be further exemplified. In either case, using adhesive or integrating a hook, 

the plateauing of the backout needs to be further investigated and if the backout limit has 

been reached, as both designs are indicating (Figure 4-15), there is potential for a reliable 

nailplated joint to be implemented in external conditions.    
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(a) Set 1 Splice joints 

 
(b) Set 1 Butt joints 

 
(c) Set 2 Splice joints  

 
(d) Set 2 Butt joints  

Figure 4-19 Tensile joint capacities of Set 1 and 2 for all moisture cycles 
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(a) Splice joint tensile capacity (b) Butt joint tensile capacity 

 

 

 
(c) Splice joint stiffness (d) Butt joint stiffness  

Figure 4-20 Tensile capacity and stiffness of Set 3 at 0 and 12 cycles 

 

 
(a) Set 1 Splice joints stiffness 
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(b) Set 1 Butt joints stiffness 

 
Set 2 Splice joints stiffness 

 
Set 2 Butt joints stiffness 
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Figure 4-21 Stiffness of (a, c) splice joints and (b, d) butt joints for all moisture 

cycles 

 

 

Figure 4-22 Set 1 and 2 splice joint loss in joint capacity relative to the backout 

measured at the edge of the nailplate 

 

Figure 4-23 Set 3 Splice Joint loss in joint capacity relative to the backout 

measured at the edge of the nailplate 

 

Figure 4-24 Timber hardness (between 5-7mm of press depth) against tensile joint 

capacity for butt joints 
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 Control 1 Glue 1 Control Hook Control 2 Glue 2 

Bark 10 10 12 13 13 8 

Pith 13 4 13 12 7 8 

Both 2 11 - - - 4 

Total 25 25 25 25 20 20 

 

4.4 CONCLUSIONS 

This chapter has investigated the effectiveness of two innovative nailplate 

designs, one with polyurethane adhesive added to a modified nailplate which allows the 

glue to penetrate the timber with the nailplate teeth and another with a hook added to the 

tooth profile, in preventing moisture driven backout and improving the tensile capacity 

of the nailplated joints. The joints were subjected to either 0, 3, 6, 9 or 12 severe moisture 

cycles, returned to an equilibrium moisture content and then tested in tension. For 

comparison purpose, tests were also performed on glued nailplates with unmodified tooth 

profiles. When compared to control joints, the addition of ~0.9 grams of adhesive to the 

modified nailplates increased the tensile capacity (and stiffness) of splice and butt joints 

by 43% (34.7%) and 13% (18.4%), respectively. The addition of a hook increased the 

capacity of splice joints by 13 % and slightly reduced (2.5%) the capacity of butt joints, 

with negligible impact on the joint stiffness. With respect to the glue being added to the 

unmodified nailplates, there was a 20% and 13% increase in joint capacity for the splice 

and butt joints, respectively. While typically only a modest gain in capacity was observed 

for the butt joints, a substantial change in failure modes from a friction (tooth withdrawal) 

failure for the control joints to a plug or tensile failure for the new designs was 

encountered. The later failure modes are related to the timber mechanical properties while 

the former is based on the unreliable friction between the tooth and the timber. The effect 

of the adhesive and hook on moisture driven backout rates is positive where the addition 

of a glue with a modified tooth profile decreased backout by 50% on average (at the edge 

of nailplate) while the hook reduced the backout by 37% on average (at the edge of 
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nailplate) after 12 severe moisture cycles. Overall, the addition of an adhesive to the 

nailplated joints improved the performance of the joints, yet more investigation is needed 

to ensure the nailplate can perform well for its design life in an exposed environment.  
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 CHAPTER 5  

        
     
 

TIME DEPENDENT MOISTURE DRIVEN BACKOUT OF 
NAILPLATES: EXPERIMENTAL INVESTIGATIONS AND 
NUMERICAL PREDICTIONS 

It is acknowledged in both previous chapters that the moisture cycling has been 

an accelerated process. The ability to perform “real-time” moisture cycling and 

experimental testing is expensive and time consuming, therefore this chapter provides the 

first step in developing a model to predict rates of moisture driven nailplate backout. This 

is achieved by validating a model against the real-time backout of a base/existing design 

obtained from experimental methods.  

The model will allow the user to identity when backout is likely to occur, as it will 

not occur in all environments, the possible rate of backout and the influence of factors 

such as timber species and environmental conditions.  

This chapter includes a co-authored paper. The title of the paper is: Time 

dependent moisture driven backout of nailplates: experimental investigations and 

numerical predictions and the authors are: Mainey, A., Gilbert, B. P., Redman, A., 

Gunalan, S. & Bailleres, H. and will be submitted to Wood Science and Technology in 

early 2020. The paper has been reformatted to meet the guidelines of the thesis. Minor 

explanations have been added to the paper for further clarity. 

My contribution to the paper involved the setup, collection and analysis of the 

experimental data with assistance from Henri for setup and processing. I also developed 

the prediction model with assistance provided by Adam for the TransPore component 

and Benoit and Guna for the numerical and analytical modelling. In addition, I have 
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ABSTRACT 

Nailplates are widely used in domestic and low-rise residential housing markets 

and have begun forming part of mid-rise developments. There is however a concern about 

nailplate backing out which has been observed in a variety of conditions. In-service 

backouts in excess of 2 mm have been recorded and can result in up to a 50% reduction 

in joint performance. The amount of backout varies significantly from roof space to roof 

space, and the industry consensus is that higher variations in moisture content of the 

joined timber members are more likely to lead to higher values of backout. Nevertheless, 

the physical phenomena leading to backout and their exact relationship to the climatic 

conditions are largely unknown. This chapter experimentally investigates the time 

dependent backout mechanisms and develops a numerical model to predict the range of 

backouts that will be expected from a set of climatic conditions that the nailplates would 

be exposed to. Specifically, this chapter initially investigates the backout of single nails, 

representative of nailplate teeth, by pressing the nails into pieces of timber and subjecting 

the samples to cyclic climatic conditions, resulting in an average moisture content varying 

between 5.5% and 15%. The moisture driven backout of the nails was monitored in real-

time using Digital Image Correlation for 48 days. Backouts of between 0.08 mm and 0.26 

mm were observed. Results showed that during the drying phase, the timber surface 

tended to slide along the surface of the nail. A similar phenomenon was observed during 

the wetting phase but to a lower extent. This consequently led to a ratcheting mechanism 

that caused the nail to backout from the timber. A numerical model is then proposed to 

predict and replicate the time dependent backout behaviour of the nailplate tooth. The 

model predicts the stress and deformation field in the timber using the finite element 

analysis software ABAQUS. The moisture gradient within the timber is determined using 

a two-dimensional heat-mass transfer model known as TransPore (Perré and Turner, 
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1999). Based on the stress and deformation of the timber over the surface of the nailplate 

tooth, the backout is determined using static equilibrium. The model was validated against 

the experimental results based on the timber properties and climatic conditions that the 

timber was exposed to. The model was able to accurately predict the time-dependent 

backout of the nails. To illustrate the application of the model, the expected nailplate 

backout for two different Australian roof spaces was investigated, one representing a roof 

in Rockhampton (subtropical climate) and the other one representing a roof space in 

Melbourne (temperate oceanic climate). A variety of parameters were investigated 

including the length and position of the tooth. It was found that longer teeth experienced 

higher rates of backout and significant variations in backout were encountered whether 

the tooth is closer to the edge or the middle of the timber.  

5.1 INTRODUCTION 

Nailplates are manufactured from die-punching light-gauge steel (~1-2 mm thick) 

to form a plate with 6-10 mm long teeth. They are then pressed into two or more timber 

members to form a “nailplated” joint. As of 2017, nailplate trusses represented 13.2% of 

the $5.7 billion Australian “Wooden Structural Component Industry” (Allday, 2019) and 

are widely used throughout the housing market, domestically and internationally (Bylund, 

2017)  

The performance of nailplates under load is primary dependent on the friction 

generated between the timber and the short embedded nailplate teeth (Melton, 2000). It 

is widely known and accepted throughout the industry that nailplates may experience 

backout from the parent timber, which reduces the friction interface and consequently 

affects the performance of the joint. The amount of backout is commonly unpredictable 

as it does not occur in all conditions (Paevere et al., 2009, Walkup et al., 2016). Paevere 

et al. (2009) and Neilson (1999) reported that 1 mm of backout can result in a 25% and 
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 CHAPTER 6  

       

 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 

STUDIES 

 

6.1 CONCLUSIONS 

6.1.1 Single nail experiments 

New tooth designs were proposed and featured either a mechanical component 

(hook/anchor) or adhesive. The new designs were aimed at (i) preventing moisture driven 

backout of nailplates and (ii) increasing the withdrawal resistance of the nailplate teeth. 

Two mechanical based designs and one adhesive based design were investigated. These 

new designs were manufactured as single nails representing nailplate teeth and pressed 

into timber. 

When compared to reference teeth (representing teeth commercially available on 

the market), the mechanical based designs proved to i) slow the backout rate of the tooth 

by approximately 60% after 30 accelerated severe MC cycles and ii) prove to provide 

significant improvements to withdraw capacity after the timber has being subject to 

moisture cycling (the withdrawal of the mechanical designs were only marginally 

affected by moisture cycling while the reference teeth lost up to 60% of withdrawal 

capacity).  

The use of a polyurethane based adhesive on the adhesive based design: i) 

effectively stopped moisture driven backout and ii) increase the withdrawal capacity by 
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328% initially (i.e. no moisture cycles) and maintained a 100-200% increase in 

withdrawal capacity after moisture cycling.   

This chapter provided the basis from which full nailplates could be investigated 

6.1.2 Full nailplate experiments 

The effectiveness of three different nailplate designs were investigated in 

preventing moisture driven backout and increasing joint capacity. The performance of the 

improvements was compared against un-modified / non-glued nailplates. The designs 

investigated included a nailplate with a hook in the tooth profile, a nailplate with adhesive 

and modified tooth and a nailplate with adhesive and no modified teeth. Nailplated joints 

were fabricated and subjected to either 0, 3, 6, 9 or 12 severe moisture cycles, returned to 

an equilibrium moisture content and then tested in tension. The rate of nailplate backout 

was monitored through the moisture cycling.  

When compared to control joints, the addition of a hook increased the capacity of 

splice joints by 13 % and slightly reduced (2.5%) the capacity of butt joints, with 

negligible impact on the joint stiffness. The addition of ~0.9 grams of adhesive to the 

modified nailplates increased the tensile capacity (and stiffness) of splice and butt joints 

by 43% (34.7%) and 13% (18.4%), respectively.  

The nailplate joint with a hook showed 37% less backout compared to the control 

nailplated joint while the adhesive on the modified tooth profile reduced the backout by 

50% relative to the non-glued nailplate. 

6.1.3 Backout mechanisms and modelling 

 The real-time monitoring of moisture driven backout was recorded using digital 

image correlation to record the movement of single nails (pressed into timber) when 
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subject to moisture cycling. The timber (and nails) were subjected to eight moisture cycles 

off varying lengths.  

Analysis of the time-dependant images revealed that single nails tend to backout 

in a ratcheting mechanism. During the drying phase, the timber slides over the nail 

surface, revealing more of the nail, then as the timber wets, the timber re-slides over the 

nail surface but to a lesser extent, thus leading to progressive backout.  

The results were used to validate a combined numerical and analytical model to 

predict the time-dependent backout. The model predicts the backout based on the 

determination of an equilibrium point existing at each time step where there is no relative 

movement between the timber and the nail. The point was determined based on the stress 

and displacement of the timber over the nail area. 

The proposed model uses a heat-mass transfer model known as TransPore to 

predict the moisture profile within the timber from which the stress and deformation 

within the timber was determined using a FEA package, ABAQUS.  

The model was in good agreement with the experimental results, however the 

performance of the model during a wetting cycle, while correctly predicted the trend of 

backout, did not fully represent the magnitude or rate of backout.  

The model was then used to predict the range of backout to be expected in a non-

sarked roof space in Melbourne and Rockhampton. The scenario analysis revealed that 

longer nails are likely to experience increased backout rates and that the relative position 

(i.e. across the width) of the embedded tooth has a large influence on the backout.  

Further, the rate of backout is also influenced by the magnitude of the variation of 

the climatic conditions, where lower variations in climatic conditions, such as those 

experienced during the winter months in Melbourne, cause less backout. 
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6.2 LIMITATIONS OF WORK 

The research conducted as part of thesis could not explore all aspects that affect 

the performance of a nailplate and the factors / environmental conditions that can be 

associated with externally used nailplates. Some of the limitations of the work undertaken 

included the use of accelerated testing, limitation in the prototyping / manufacture of the 

hook tooth, the use of only one type of glue and the limitations of the model outlined in 

Chapter 5.  

The use of accelerated testing protocols will cause moisture gradients within the 

timber that are steeper than what would commonly be observed in-situ. This may have 

led to backout rates faster than would be observed in-site, however, it is not un-reasonable 

to expect timber moisture gradients in exposed timber to be high (e.g. days of heavy rain 

followed by dry days with high temperatures). Throughout this thesis, all new designs 

were benchmarked against base or control specimens representing currently used 

technologies and designs.   

The full nailplate investigation presented in Section 5, required the use of a of 

prototype nailplate for the mechanical (i.e. hook-based) design. The prototyping allowed 

for only a tooth density of half that of a currently used nailplate. The ability to 

manufacture a hook into the tooth profile of a nailplate with a high tooth density is yet to 

be explored. This would include optimisation of the hook depth to maximise its 

interaction with fibres. It is envisioned that through optimisation of the hook depth and 

inclusion on smaller teeth, that the modest performance increase observed in this thesis 

can be substantially improved.  

The thesis only explored the use of one adhesive type (i.e. a one-part 

polyurethane-based adhesive). It is possible that two-part structural adhesives may 

provide improved performance however the loss of ductility will need to be considered. 
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The main consideration for adhesives however will come back to the ability to include a 

“wet” adhesive into what is currently a “dry” fabrication environment. 

6.3 RECOMMENDATIONS FOR FURTHER STUDIES 

The performance of a nailplated truss and ability of its joints to resist backout are 

influenced by a wide range of parameters. Predicting the performance of these timber 

trusses can be further complicated when the truss begins being exposed to external 

environments. The ability to predict the performance is a vital tool in design and while 

this thesis has shown that innovation of the tooth profiles and the addition of adhesive 

can result in a decreased rate of moisture driven backout while also increasing the joint 

strength, there are still pathways that need to explored for adoption of externally used 

nailplates.  

Some of these pathways include: 

• Currently nailplates are predominately used in timber treated to only a H2 level, 

however externally used nailplates will required timber to be H3 treated. It is 

noted that treatment may have an influence on the wetting and drying properties 

in addition to the strength of the timber to some extent (Winandy N.D.). It is 

therefore recommended that adoption of these nailplates would be subjected to 

testing with timber that is treated to the level that will be used in service 

• Exploration into the manufacturability of the new nailplates and optimisation of 

the hooked profile so that it can be manufactured in such a way that maximise 

tooth density (e.g. two teeth per nailplate hole). While the preliminary design 

conceptions (Chapter 3) proposed a hook design that could be manufactured using 

the “two-teeth per hole” concept, the prototyping equipment and limitations meant 

that the investigated hooked plate only have one tooth per hole per investigation 

in Chapter 4. In regard to the adhesive based design, there are obvious 
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complications and concerns about the best process to incorporate an adhesive into 

the manufacturing process while managing drying times.  

• The long-term loading of the new designs, in particular having the joints loaded 

and exposed to moisture cycling will allow mechano-sorptive effects on backout 

to be explored.  

• Exposure to realistic external conditions, in particular exposing the new nailplated 

joints to the sun (weathering) and rain (surface water) would allow further 

evidence of suitability for the new nailplate designs to be adopted. 

• A number of limitations of the model have been discussed in Chapter 5. Some of 

these include i) refinement through improvement of the moisture absorption 

predictions in TransPore, ii) incorporation of in-service loading levels, iii) 

refinement of the FEA model to consider the true orthogonal behaviour of timber 

and iv) refinement of the FEA model to incorporate fracture mechanics, therefore 

allowing cracks to open in tension. 
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