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ABSTRACT: Timber trusses are widely used in the housing market, which members are often connected by nailplates. 

However, the use of this type of connection is restricted to environments where the moisture content variation is 

somewhat limited (such as the building envelope). This is due to the nailplates being driven out from the timber as a 

result of the mechano sorptive withdrawal effect, commonly referred to as “backout”. Recently, this backout was 

observed in more controlled environments thus prompting a linked project between industry and Griffith University to 

investigate solutions to increase the tooth withdrawal resistance under common design loading conditions and cyclic 

moisture contents. Two different design approaches are taken: (i) by mechanical means through a redesigned tooth 

profile allowing the nails to resist the pull out force by both friction and mechanical action and (ii) through application 

of an adhesive to two different tooth profiles. The new designs were experimentally assessed using single nails with 

respect to their quasi-static withdrawal resistance and their ability to resist the backout through accelerated moisture 

cycling. Results showed that the proposed mechanical designs have comparable performance with currently used nails, 

while the application of adhesive significantly decreased the backout.   
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1 INTRODUCTION 123 

Steel nailplated timber trusses are widely used 

throughout the Australian and international domestic 

housing market. The performance of these trusses is 

highly reliant upon the joint characteristics, including 

factors such as the member orientation, the size of the 

nailplate and loading conditions [1]. Depending upon the 

combinations of these factors different failure 

mechanisms are typically observed when loaded to 

failure and include yielding of the nailplate, plate 

withdrawal and failure of the timber [1].  

Nailplates have been used for more than 50 years, with 

patents dated at least as far as 1962 [2]. The patent 

granted in 1988 [3] (Figure 1) has generally been the 

design basis for nailplates currently used. This design 

aims at maximising the teeth number to plate area ratio 

by having 2 teeth cut per punched hole, and allowing for 

fast and efficient manufacturing processes. While this 

design generally performs well, its use in weather 

exposed environments is limited. Due to large variations 
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in the moisture content of the timber, the nailplates are 

being driven out from the parent timber. This effect, also 

commonly referred to as “backout”, has been also 

recently observed in indoor environment [4,5]. Observed 

backout phenomena in [5] are shown in Figure 2 and 

Figure 3. 

Specifically, the backout effect is mainly attributed to 

the repeated shrink-swell of the timber under cyclic 

variation of its moisture content, also referred to as the 

mechano sportive effect [5]. While the mechano sorptive 

effect is a natural phenomenon (yet to be full explained 

[4]), it is known to induce mechano sorptive creep, an 

effect that is increased with larger moisture variations 

[4]. Poor handling during the manufacturing process can 

also lead to backout phenomena [5]. 

Paevere et al. [5,6] performed experimental tests on 

nailplated joints and showed the influence of the 

nailplate backout effect on the capacity of the joints. A 1 

mm backout (~12% nail length) was found to result 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.  

The CSIRO (Commonwealth Scientific and Industrial 

Research Organisation) in Australia examined the 

atmospheric conditions within the roof space for the 

purpose of finding the conditions that would lead to 

mechano soprtive backout [6]. This enabled a micro-

climate model, which can predict and simulate actual 

roof space environments based on the Australian Bureau 

of Meteorology, to be created. 



It was found that the surface equivalent moisture content 

(SEMC) of the timber in roofs without a moisture barrier 

(sarking) varied between 2% and 18% in summer, while 

sarked roofs only vary between 5% and 11%. In winter 

the SEMC varied between 7% and 22%, and 10% and 

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, 

and ultimately leading to accelerated mechano sportive 

backout of the roof nailplated trusses.  

The CSIRO also conducted a series of shrink-swell tests 

to investigate the effectiveness of sealants being placed 

along the length and on top of the nailplate in retarding 

the backout effect. Parameters such as timber species 

and sawing orientation (back-sawn and quarter sawn) 

were also changed. The samples were wet (using a spray 

bottle daily) and dried (at room conditions) 800 times.  It 

was found that one type of sealant, proved effective in 

reducing the nailplates from backing out (no 

measurements were reported), while the timber species 

and sawing type had no discernible influence on the 

nailplates. The average nailplate withdrawal (under no 

load and sealant) was 3.02 mm after the 800 cycles 

(0.398 mm after 100 cycles). With respect to the sealant, 

concern was expressed over the increased manufacturing 

and material costs associated with the proposed sealants.  

In view of the previous observations, four 

recommendations to reduce nailplate backout were 

proposed in [1]: 

 

1. Compulsory use of sarking for all roof 

constructions to reduce moisture variation 

within the environment and therefore reducing 

the rate of the mechano sorptive backout. 

2. To examine the feasibility of reducing the 

design nailplate capacity by a factor for 

permanently loaded joints in order to over 

design the joints 

3. Explore tooth profile redesign to design a nail 

that may increase the force required to pull out 

the nail and ultimately preventing or slowing 

down backout. 

4. Further explore sealant treatments on critical 

joints to slow down the backout 

 

The third recommendation may also have the added 

benefit of increasing the structural loading capacity of 

the joint under normal loading conditions. As previously 

mentioned, when loaded to failure, nailplate withdrawal 

is one of the most common joint failure type [1]. 

Therefore increasing the withdrawal resistance of the 

nailplate should both increase the overall capacity of the 

joint and prevent the nailplates from backing out under 

moisture cycling.  

 

 

Figure 1: Nailplate tooth profile published in 1988 patent by 

Smit et al [3].  

 

Figure 2: Tooth withdrawal within a tension splice joint 
(Source: [5]) 

 

Figure 3: Tooth withdrawal of a nailplate at a right angled 

joint (Source: [5]) 

Groom [7] investigated if coating the nailplate teeth with 

an epoxy resin would influence the backout rate. Results 

showed that the epoxy coating had no influence on the 

backout rate after 8 mild cycles (with moisture content 

(MC) ranging between 9 and 15%), however it proved 

effective in reducing the nailplate backout by 

approximately 25% after eight severe moisture cycles (5-

19% MC). 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 the moisture cycles, the increase in 

stiffness was rapidly lost. The epoxy glued joint and the 



control non-glued joint 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 must have 

therefore occurred after of the first severe moisture 

cycle.  

This paper investigates recommendation #3 in [1] with a 

range of tooth profiles being designed using two 

different approaches to limit the tooth withdrawal. The 

first approach being investigated herein consists of 

redesigning the nail profile to provide additional 

mechanical resistance to counteract the backout forces. 

The second consists of redesigned the nail to be used 

with adhesive. The efficiency of the new designs was 

investigated through a series of quasi-static push-pull 

tests and moisture cyclic testing to replicate mechano 

sportive backout. Results are presented and discussed in 

the paper.  

This paper represent the first step in a project aiming at 

identifying appropriate tooth profiles to be used with or 

without adhesives, and that can provide comparable joint 

strength and stiffness to existing designs, but with 

increased backout resistance under moisture content 

variation.  

  

2 DESIGN CONCEPTS 

2.1 GENERAL 

Based, on industry feedback, the following limitations 

were imposed on the concepts presented in Sections 2.2 

and 2.3: 

 

1. 2 nails need to be punched per hole, as shown in 

Figure 1, to maximise the number of teeth over 

the plate surface area ratio; 

2. The nails need to be able to be punched using 

existing manufacturing techniques/equipment 

and at the current production rate; 

3. Nails must be punched from currently used 

cold-formed steel coils.  

 

The designs were tested on 4.5 mm wide nails 

(approximately 35% larger than exiting nailplate nails). 

The nails were laser cut (with +/- 0.1mm accuracy) from 

nominal 0.95 mm thick steel sheets, representing the 

exact same steel sheets used to manufacture nailplates in 

Australia. Figure 4 shows the base nail design (BD) from 

which the new designs were derived.  

 

2.2 MECHANICAL DESIGNS 

Existing design’s resistance to withdrawal is solely 

based on friction developing between the nails and the 

timber. As the nailplate withdraws from the timber, the 

friction surface is reduced, therefore reducing the friction 

force and eventually leading to both a reduced joint 

capacity and resistance to withdrawal. In order to 

compensate the loss of frictional force during withdrawal 

and therefore prevent the nailplate from backing out, 

hooks are proposed to be shaped within the tooth profile. 

The concept aims at grabbing the timber as the nail 

withdraws, with the hook either folding when entering 

the timber and unfolding during withdraw or taking an 

alternative path to the entry one on exit.  

 

         
 (a) (b) 

Figure 4: Nail Base Design (BD) (a) photo and (b) dimensions 

The exact details of the designs are not given herein due 

to proprietary rights; however some of the inspiration 

came from natural mechanisms. One such example is the 

cactus spine which developed microscopic anchors [8] 

that allow the spine to penetrate objects with relative 

ease but cause significant damage on removal. While it 

is not possible to replicate microscopic hooks on 

0.95mm thick steel sheet, the principle can still be 

adopted and investigated.  

Initially four mechanical design principles were 

investigated with 3 to 5 variations (dimensions and angle 

of hook) for each design, totalling 18 different designs. 

Based on the push – pull tests developed in Section 3, 

only the best two designs were further analysed under 

moisture variation in Section 4, and are reported in this 

paper. These two 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 while 

MD2 consists of a hook bent away from the tip of the 

nail 

 

2.3 ADHESIVE DESIGNS 

The adhesive approach focuses on maximising the 

effectiveness of the adhesive by providing mechanisms 

to allow the glue to penetrate into the timber. As 

discussed previously, Groom [7] investigated the 

effectiveness of the epoxy in reducing nailplate backout 

due to moisture cycling. However it is likely that the 

glue was forced to the base of the nail (connection with 

the plate) with limited glue penetrating into the wood.  

The high rate of degradation of the benefits obtained 

from the application of the glue in [7] also likely resulted 

from the high stiffness and brittle nature of the epoxy 

resin used. It is plausible that a more ductile adhesive 

(used in this study) would increase the effectiveness of 

the adhesive after moisture cycling.  



Three different designs were investigated and reported 

herein. Adhesive Design 1 (AD1) and Adhesive Design 

2 (AD2) have a redesigned nail profile to allow the glue 

to penetrate the timber with the nail, while Adhesive 

Base Design (ABD) is the based design nail shown in 

Figure 4 with glue, investigated for comparison 

purposes.  

 

3 PUSH – PULL TESTS 

3.1 METHODOLOGY 

A series of quasi-static push in and pull out tests were 

conducted to determine the maximum force required to 

push the nail 11 mm deep into the timber and completely 

withdraw (pull out) it from its support. Observations 

regarding the damage induced to the timber by the 

studied designs upon entry and withdrawal were also 

made.  

The tests were undertaken following the 

recommendations in the Australian standard AS1649 [9]. 

One mechanically graded (MPG10  grade)  structural 

lumber piece (70 x 35 mm) was used to conduct the 

tests. The timber was kiln dried untreated softwood. 

 

 

Figure 5: Push-Pull test set up 

The load was applied through a 30 kN Lloyds universal 

testing machine, fitted with a 2.5 kN load cell. The push 

in and pull out stroke rate applied was 2.5 mm/min. The 

vertical displacement of the nails was measured as the 

average recording of two linear variable displacement 

transducers (LVDTs), positioned on both sides of the 

moving head of the testing machine.  

In total, five tests were performed per design with each 

nail driven in a different 60 mm long piece. The test set 

up is shown in Figure 5. The timber was not conditioned 

before testing and left at ambient temperature and 

relative humidity. 

The adhesive design were dipped into a structural 

adhesive before pushing the nails into the timber and the 

adhesive was left to cure for a minimum period of 12 

hours before withdrawing the nails. 

The criteria used to assess the effectiveness of the 

designs include: (i) the maximum force required to press 

the nail into the timber, (ii) the maximum force required 

to withdraw the nail and (iii) the work required to pull 

the nail out in its entirety. 

 

3.2 RESULTS AND DISCUSION 

The average maximum recorded push in and pull out 

forces and the work required to remove the nail are 

summarised in Table 1. The Coefficient of Variation 

(CoV) over the five tests performed per design is also 

reported in Table 1. Selected withdrawal force-

displacement curves for each reported designs are shown 

in Figure 6 to Figure 11.  

While the push in force of MD1 is 25% larger than the 

force required for the base design, the load did not 

exceed the buckling capacity of the nail and the nail was 

able to penetrate the timber.  

The pull out force of the two mechanical based designs 

is similar to the one observed for the base design (within 

~10%), however the effectiveness of the nail to resist 

withdrawal after overcoming the friction force is 

significantly enhanced. For the base design, the load 

suddenly drops to about 20% of its maximum value after 

overcoming the friction (Figure 6), while for the 

mechanical designs, a load in the order of magnitude to 

the maximum load is usually maintained until the nail 

withdraws by about 6 mm (Figure 7 and Figure 8). This 

phenomenon is a result of the hook on the nail 

“grabbing” timber fibres as the nail withdraws. This is 

demonstrated by the damage the hook causes to the 

timber after withdrawal, as shown in Figure 12. Figure 13 

shows the damage to the timber done by a base design 

for comparison. 

These results imply that a nailplated joint may not 

significantly lose its strength after a 1 mm tooth 

withdrawal (as observed in [5]) if the proposed 

mechanical based design are used. This will in return 

likely extend the life and capacity of the joint beyond 

what is currently observed.  

The mechanical designs also showed significant 

increases in the total work required to withdraw the 

nails. Approximately, 450% and 365% more work was 

required for MD1 and MD2 respectively when compared 

to the BD.  

ABD, AD1 and AD2 all showed significantly increased 

mechanical performance. The adhesive did not require 

additional push in force when compared to the BD but 

resulted in approximately a 50%, 200% and 290% 

increase in maximum withdrawal force for ABD, AD1 

and AD2 respectively. The effectiveness of the adhesive 

to bond with the glue was demonstrated by timber fibres 

being removed with the nail. Figure 9, Figure 10 and 

Figure 11 show that the nails with adhesives had similar 

force withdrawal curves to the base design (Figure 6) 

indicating that once enough force was applied to 

overcome the initial friction and glue bonds, the 

withdrawal resistance is greatly diminished. Yet, the 

LVDTs 

Loading head 

Nail 
Timber 

piece 

Loading 

shaft 



amount of work required to remove the glued nails in in 

the same order of magnitude to the mechanical designs. 

Table 1: Push – Pull test results summary  

 Push in force Pull out force Work 

Max 

(kN) 

COV 

(%) 

Max 

(kN) 

COV 

(%) 

Total 

(kN.mm) 

COV 

(%) 

BD 267 4.3 87.7 30.1 79.3 35.6 

MD1 364 9.9 90.1 7.7 435 14.2 

MD2 282 3.3 96.6 16.7 369 53.8 

ADB 276 18.3 129 47.1 306 61.6 

AD1 252 11.2 265 10.3 336 9.3 

AD2 275 14.8 343 26.8 411 43.4 

Note: 5 tests per design category 

 

Figure 6: Typical withdrawal force plot for base design 

 

Figure 7: Typical withdrawal force plot for mechanical design 
1 

 

Figure 8: Typical withdrawal force plot for mechanical design 

2 

 

Figure 9: Typical withdrawal of adhesive with base design  

 

Figure 10: Typical withdrawal of adhesive design 1 



 

Figure 11: Typical withdrawal of adhesive design 2  

 

Figure 12: Typical damage caused from the withdrawal of 

mechanical design 1 

 

Figure 13: Typical damage caused from the withdrawal of a 
base design  

4 CYCLIC TESTING 

While the new designs have improved the withdrawal 

performance of the nail, the increased manufacturing 

effort and resources are unlikely enough to justify the 

use of such designs solely based on the quasi-static 

withdrawal performance. This section outlines the 

procedure adopted to investigate the design’s rate of 

withdrawal under an accelerated moisture cycling 

procedure.  

 

4.1 METHODOLOGY 

In order to induce mechano sorptive backout in a short 

time frame, a technique was developed to wet the timber 

to a targeted minimum of 19% moisture content and dry 

the timber to a targeted minimum of 5% in a one day 

timeframe. These targets were based on the microclimate 

recordings made by the CSIRO [6], which established 

the SEMC could vary between 2% and 22% annually, 

and the experimental studies by Groom [7] that induced 

significant mechano sorptive backout with moisture 

variations between 5% and 19%.  

Specifically, a number of different techniques were 

investigated to achieve this moisture cycling with mixed 

results. Methods tested to wet the timber included the 

use of an autoclave (at 136oC and 195 kPa), soaking the 

pieces in room temperature water or warmed water 

(60oC), vacuuming the timber pieces under water (to 

remove the air and replace it with water deep into the 

timber) and hot steam the pieces in a close environment 

at atmospheric pressure. 

These techniques were complimented with using either a 

dehydrating oven or air driven kiln to dry the timber to 

less than 5% moisture content. Due to resource 

availability and effectiveness, the use of hot steam to wet 

the timber and a dehydrating oven set at 42oC to dry the 

timber was preferred. This technique was able to drive 

the nails out more effectively than the vacuum and 

soaking in water techniques and is closer to reality where 

the timber is absorbing water in the form of vapour and 

not in liquid form. 

In order to achieve the minimum targeted moisture 

content within the specimens to be tested, the specimens 

were subjected to steam for 3 hours in a container 

promoting steam flow through the specimen, and dried 

on average for 19 hours. This drying rate was chosen to 

ensure it would limit end checks in the timber. At the 

end of each wetting and drying cycle, the samples were 

weighted and their moisture content was determined at 

the end of the overall test procedure using the oven dry 

method in the Australian and New Zealand standard 

AS/NZS 1080.1 [10].  

Mechanically graded MPG 10 softwood, 70 mm x 35 

mm, structural lumbers were also used for the cyclic 

testing. The lumbers were cut into 60 mm long pieces 

and two nails were pushed into each piece, consisting of 

one base design for reference and one new design. In 

total, ten nails were used per design, totalling 50 timber 

pieces and 100 nails. A minimum spacing between nails 

of 30 mm was used. To further verify the findings in [6], 

where the timber cutting type does not affect the 

withdrawal rate, six of the ten timber pieces per design 

were flat sawn and the remaining four were quarter 

sawn.  

A total of 36 cycles were completed (two cycles 

corresponding to one complete wetting and one complete 

drying phase). After each cycle, recordings of the nail 

height, timber width and thickness were taken using a 

digital veneer calliper with a 0.01 mm accuracy. The 

weight of the each piece was also recorded. 

 

4.2 RESULTS AND DISCUSSION 

The average progressive backout of the base design (BD) 

and the investigated designs, along with the moisture 

content variation recorded from the cyclic tests, are 

shown in Figure 14 to Figure 18 for all designs. Figure 



19 plots the average backout ratio expressed as the 

amount of backout of the invesigated design divided by 

the amount of backout of the base design (ratios greater 

than 1.0 represent faster backout of the new design 

relative to the existing design).  

The performance of the mechanical designs, MD1 and 

MD2, is similar to or worse than the based design up to 

the 20th cycle. As shown in Figure 19, MD1 initially 

backs out 50% more than BD, while MD2 backs out at 

the same rate as BD. However, after 20th cycle (i.e. about 

0.4 mm backout), the backout of MD1 slowed down and 

the nails backed out similarly to the base design, 

indicating that the hook started grabbing timber. MD2 

backs out at the same rate as BD till the 20th cycle, and 

backs out about 25% less than BD when the hook grabs 

timber, as shown in Figure 15 and Figure 19. MD1 had a 

larger hook than MD2 and induced more damage when 

the nail penetrated the timber, likely explaining why 

MD1 did not performed as well as BD during the first 

20th cycles, when the hook did not grab timber. 

The delay in the effectiveness of the mechanical designs 

are in line with the results observed from the push – pull 

tests in Section 3 where the mechanical designs took 1 to 

2 mm of withdrawal (Figure 7 and Figure 8) to fully 

develop their maximum withdrawal force. While this 1 

to 2 mm of withdrawal has not being achieved within the 

30 cycles undertaken, the effectiveness of MD2 to retard 

the backout is observed. Yet, further cycles are needed to 

investigate fully investigate the effectiveness of MD1 

and 2.  

With respect to the adhesive designs, no backout is 

observed for AD1 and AD2, while the glued base nail 

design (ABD) backs out about 50% less than the base 

design (BD). While simply applying glue to ABD 

significantly slows down the backout rate, the 

performance of AD1 and AD2 clearly indicates the 

benefit of providing means for the glue to penetrate the 

timber profile.  

 

 

Figure 14: Cyclic results for Mechanical Design 1 

 

Figure 15: Cyclic results for Mechanical Design 2 

 

Figure 16: Cyclic results for adhesive with base design 

 

Figure 17: Cyclic results for adhesive design 1 



 

Figure 18: Cyclic results for adhesive design 2 

 

Figure 19: Ratio of design nail to base nail performance at 

each cycle. Note: plot starts at cycle number 10 to remove 

initial ratios that were unrepresentative of the nail 

performance trends 

Ultimately, the use of the adhesive has shown to greatly 

increase the performance of the nails both under 

withdrawal and cyclic testing. However the 

manufacturing and cost viability of adhesives need to be 

further investigated. Adhesive could be applied just 

before nailing the plate to the timber or as a film glued to 

the plate before the nail punching operation. For the two 

solutions, the nailplates can still be punched from the 

metal sheet in a single step at an extremely fast rate. Yet, 

if the glue is applied before pressing the nailplates to the 

timber, the extra operation may be time consuming and 

not economically viable.  However, the adhesive may 

allow for a reduction in plate size due to the likelihood 

increased in the strength and reliability of the joint.  

 

5 CONCLUSIONS 

This paper investigates a tooth profile redesign for 

nailplates in an attempt to increase withdrawal resistance 

under quasi-static testing and to prevent the plates 

backing out due the mechano sorptive effect.  Two 

mechanical based designs and three adhesive based 

designs were adopted. The pull out force for each design, 

and the work required to remove the nail from the timber 

for each new design was larger than the currently used 

design. The mechanical based designs have shown some 

trend to reduce nail backout after 36 accelerated 

moisture cycles, however more cycles are needed to 

clearly see this trend. The addition of adhesive to a base 

and a redesigned tooth profile have significantly 

increased the performance of the nails under quasi-static 

testing and accelerated moisture cycling. The 

incorporation of mechanisms to help the glue penetrate 

the wood profile has significantly increased the nail’s 

performance.   

This paper leads a pathway to use new techniques to 

resist nailplate backout and eventually improving the 

structural performance and reliability of timber trusses.  
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