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Abstract 

Timber is one of the primary building materials of today, both in Sweden and in Europe, its 

uses range from single-family homes to apartment buildings and large arenas. The key reasons 

why timber construction continues to grow is the environmental aspects combined with the 

economically advantageous industrialised prefabrication process. 

One of the most commonly used connections in timber structures is the punched metal plate 

fastener, which is a perfect example of an effective connection that only can be used in a 

prefabrication process. It can be found in almost all kinds of buildings; from a rafter connection 

in small to middle sized houses up to reinforcement in heavier connections in arenas and 

warehouses. It is well known that the connections are the most critical parts of a structure and 

it is therefore crucial that these are designed for all eventualities. 

This project is a pilot study that seeks to evaluate the existing design methods for punched 

metal plate fasteners subjected to fire in Eurocode and in practice. The first conclusion is that 

such a method hardly exists, neither in codes nor in scientific theory, despite the fact that this is 

and has for decades been a very common structural detail. The theoretical analysis shows that it 

is very unlikely that a joint made with punched metal plate fasteners can withstand a standard 

fire scenario for even 15 minutes and the small-scale testing confirms this. But the project also 

shows that it is possible to protect the punched metal plate fasteners from fire and that it is 

possible to achieve up to 30 minutes resistance by installing gypsum fireboards, stone wool 

wood covering. 
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Sammanfattning 

Trä är idag ett av de mest använda byggmaterialen, både i Sverige och i Europa, dess 

användningsområden sträcker sig från villor till flerbostadshus, hallbyggnader och broar. Den 

främsta anledningen till att trä fortsätter att växa som ett byggmaterial, förutom ändringen av 

byggnormen 1994, är kombinationen av ett miljövänligt byggmaterial och möjligheten till 

effektivt industriellt byggande.  

Spikplåtar är ett av de vanligaste använda träförbanden och ett utmärkt exempel på en effektiv 

lösning som enbart kan användas i prefabricerade byggnadsdelar. Den kan hittas i nästan alla 

typer av byggnader som takstolsförband i små till medelstora byggnader och som 

förstärkningsförband i större hallbyggnader. Det är ett välkänt faktum att förbanden oftast är 

den känsligaste delen av en konstruktion och det är därmed kritiskt att även dessa kan 

dimensioneras för alla eventualiteter, inklusive brand. 

Detta projekt är en förstudie som strävar efter att redogöra och utvärdera befintliga 

dimensioneringsmetoder för brandutsatta spikplåtsförband, såväl i Eurokod som i praktiken. 

Den första slutsats som kan dras är att sådana metoder knappt existerar, varken i normerna eller 

i vetenskapliga publikationer, detta trots att spikplåtsförband har varit en standardlösning inom 

byggandet i flera decennier. Den teoretiska analysen av förbandens uppbyggnad visar att det är 

osannolikt att ett spikplåtsförband skulle kunna stå emot en standardbrand i ens 15 minuter och 

de experimentella försöken bekräftar detta. Försöken visar dock även på att det med enkla 

standardlösningar går att skydda spikplåtsförband så att de kan klara upp till 30 minuters 

brandmotstånd genom att skydda förbanden med brandgips, stenull eller trätäckning.  



v 

 

Definitions 

Fire protection requirements  

R  Load bearing resistance  

E  Integrity (smoke and flames) 

I  Thermal insulation 

EI60 Building part should withstand and stop spreading of the fire and 

hazardous temperature rise for 60 minutes with no demands of load 

bearing properties  

Punched metal plate fasteners characteristics according to EN 1995-1-1 

 

f a,0,0   the anchorage capacity per unit area for α = 0° and β = 0° 

fa,90,90   the anchorage capacity per unit area for α = 90° and β = 90° 

ft,0   the tension capacity per unit width of plate for α = 0° 

fc,0  the compression capacity per unit width of plate for α = 0° 

fv,0   the shear capacity per unit width of plate in the x-direction 

ft,90   the tension capacity per unit width of plate for α = 90° 

fc,90  the compression capacity per unit width of plate for α = 90° 

fv,90   the shear capacity per unit width of plate in the y-direction 

k1, k2, αo   plate specific constants 

Expressions that, in this report, should be treated as synonyms 

Punched metal plate fastener - Punched metal plate connector 

Punched metal plate  

Nail plate 
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1 Introduction 

1.1 Background 

Timber is one of the most commonly used building materials in modern construction, its use 

varies from bridges and warehouses to residential buildings and sport arenas. In the current 

worldwide climate debate timber, as a construction material, has become a hot topic as the 

material binds carbon dioxide rather than producing more. With modern production 

techniques such as glued laminated timber (glulam/LVL) and high precision saw mills that can 

guarantee timber quality it has become possible to construct reliable buildings with wide spans 

and/or considerable height. Timber beams and modules are considered light-weight and can 

therefore be prefabricated and transported long distances at low costs and can also be used at 

locations were other materials might be too heavy.  

One of the most common areas of use of light-weight timber structures is rafters with a span 

up to 30 meters. These structures are used for the roofing of concrete, steel as well as timber 

constructions. The production of rafters is highly automatic and prefabricated with high 

degrees of utility and small margins. The major reason for the prefabrications, except the lower 

price, is that rafters is mainly made with punched metal plate connectors, which need to be 

pressed into the timber with hydraulic pressure, which is hard to achieve on site. Punched 

metal plates are convenient as connectors as they are cheap to produce, have a high reliability 

and have no need of predrilling which makes them perfect for an automatic assembly line. As 

punched metal plate connectors is one of the major joint solutions in rafters for small to middle 

size houses in Sweden and the roof is often considered a part of the stabilizing system it is 

crucial that the load bearing parts can be accurately described and designed.  

 

Figure 1 Examples of different rafters made with punched metal plate fasteners 
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One of the most instinctive objections to timber constructions is its resistance to fire. Despite 

the fundamental problem, that wood burns, timber is actually one of the most predictable 

construction materials in a fire situation. While burning the timber produce an outer layer of 

char that protects the still unharmed load bearing core of fresh wood. The charring progresses 

at a constant rate, which makes it very predictable.  

All timber joints are to some extent a composite of steel and wood, which makes the steel 

equally interesting as the timber. Although the thermal characteristics of steel are as well-

known as the one of timber the collaboration between the two is not known and as it is not 

known the structural integrity cannot be guaranteed in the case of fire. 

1.1.1 Case study 

December 4th 2001 a fire started in the top apartment of a four-storey building in Karlstad, 

Sweden. During the fire the entire topmost floor was destroyed leading to 25 of the 93 

apartments being burned out and the death of one resident. After the incident questions were 

raised of how the fire could spread so quickly although the building code clearly states that all 

apartments should be individual fire compartments with a fire resistance of one hour and why 

the roof of the apartment had collapsed forcing the fire fighters to an early retreat. 

The building was built like an “L”, 110 meters long with a 60 meters long wing including a 

joint attic with a total area of 1900 m2, Figure 2. To prevent spreading in case of fire all 

apartment roofs had a fire resistance of EI30, which guarantees a total fire resistance of 60 

minutes between two apartments. Additionally a firewall with EI60-resistance had been built 

in the middle of the attic to prevent a fire from spreading horizontally over more than half the 

building. 

 

Figure 2 Schematic of the L-shaped house in Karlstad with the firewall (brandvägg) and the apartment 

(brandlägenheten) marked , (Malmqvist, 2002) 
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In the succeeding report ordered by the Swedish Rescue Services Agency (Malmqvist, 2002) it 

was established that the fire must have spread through a window via the eaves into the attic, 

leading to a much faster spread than the predicted 30 minutes through the apartment roof. 

When the fire had reached the attic there was nothing to prevent it from further spread but the 

firewall at the middle of the building, which should save the other half of the house from 

damage. But for some reason the fire spread through the firewall. By examining the 

construction of the firewall and the adjacent structure a major flaw can be observed.  

 

Figure 3 The firewall next to a rafter at the attic in Karlstad, (Malmqvist, 2002) 

The firewall had been raised next to one of the rafters with the only requirement of 60 

minutes fire resistance. The construction, Figure 3, consisted of light-weight steel studs with 

double sheets of gypsum on both sides and fulfilled the requirement of EI60. This construction 

should have lasted if the fire started at the left side of the wall, but when it started at the right 

side the fire had access to the loadbearing timber rafters. The rafters that were constructed with 

punched metal plate fasteners lost their structural integrity within minutes and the roof came 

down on the non-load bearing firewall which collapsed.  

This incident may be described as a progressive collapse which was ultimately based in a 

conceptual error. The structural engineer did not consider the fire behaviour of the adjacent 

structure, where the presence of punched metal plate fasteners was the weakest link. It is not 

fair to blame the nail plates for the failure of the structure but it was an important part in the 

chain of events leading to collapse. If the structural engineer had been aware of how vulnerable 

the load bearing structure was the consequences of the incident could have been delimited. 
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“The rapid spread of fire was due to the use of a light wood-truss roof construction that did 

not meet the standards set in the building code. The construction was chosen when the 

fourth floor was added in 1991, since a concrete slab was deemed too heavy. All fire-rated 

parts of the fourth floor construction were either anchored in or held up by the unprotected 

and unrated truss-roof. As the trusses burned through and collapsed, the fire rated 

constructions failed in rapid succession. When they fell into the apartments they also damaged 

the apartment walls, allowing for horizontal fire spread.” (Malmqvist, 2002) 

1.2 Objective 

The objective of this report is to study punched metal plate fasteners subjected to fire.  

 What is the state of the art concerning punched metal plate fasteners in timber joints 

subjected to fire? 

 What regulations are part of the Eurocodes of wood, steel and fire? 

 How well do existing code regulations correspond to test result? 

1.3 Delimitations 

The experiments conducted will:  

 Be made in tension parallel to the grain 

 Use one cross section of solid timber (45 * 195 mm) 

 Be subjected to the ISO834 – fire curve 

 Be made with connectors from one manufacturer 
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2 Theory 

2.1 Punched metal plate fastener 

According to (EN 14545, 2008) a punched metal plate fastener is defined as: 

3.3 punched metal plate fastener 

Metal plate having integral projections punched out in one direction perpendicular to the 

base of the plate 

NOTE Used to join two or more pieces of timber of the same thickness in the same plane. 

In short: punched metal plate fasteners may be described as a nail plate with built-in nails 

where the nail length is less than 20 mm, see Figure 4. The characteristic strength is derived 

from tensile and compressive testing according to (EN 1075, 2000), where the joint is 

subjected to loads in a variety of angles. 

 

Figure 4 Punched metal plate fastener 

The nail plates have to be pressed into the timber with a uniform and precise pressure. If the 

pressure is too high there is a risk for harming the timber and too low a pressure will result in 

partial embedment that will give an eccentric loading of the nail. These conditions are difficult 

to meet at a construction site and punched metal plates are therefore only used in the 

prefabrication industry.  

2.2 Design procedure according to EN 1995-1-1  

While designing a punched metal plate joint according to Eurocode, two verifications must be 

made which correspond to the two types of failure that can occur while loading the joint. The 
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plate anchorage capacity describes the loading and resistance of the nailed connection with the 

timber and the plate capacity describes the resistance of the plate itself.  

2.2.1 Geometrical definition 

(EN 1995-1-1, 2004) defines a punched metal plate joint according to Figure 5 with the force 

as positive in tension and the moment positive counter clock wise. 

 

Figure 5 Geometrical definitions according to (EN 1995-1-2, 2004) 

2.2.2 Material properties 

The basic material properties of punched metal plate fasteners are evaluated from experiments 

conducted according to (EN 1075, 2000), where a joint is loaded until failure in a variety of 

directions and angles. The results of these tests are then combined to eight characteristic values 

and three constants according to (EN 14545, 2008). These values are evaluated by certification 

institutes prior to the product release and are provided by the manufacturer. 

2.2.3 Anchorage strength  

The requirement of the anchorage strength is expressed in equation [1]  as the sum of the 

degrees of utility of the force- and moment stress squared. 

 
(
    
        

)

 

 (
    
        

)

 

   [1] 

The design load stress is defined from the design load according to equations [2] and [3]. 
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The tensile strength          depends of the angles α and   and is determined according to 

equations [4] - [6]. 
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Where          is defined as:  
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          {
            

               (    )
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The second part of equation [1] determines the impact of the total moment stress in the joint, 

the moment stresses are determined by equation [7]. 

      
     
  

 [7] 

The calculations assume one plate and therefore the moment of the joint has to be divided into 

two, equation [8], and is thereafter divided by the geometrical parameter Wp. 

 
      

   
 
  [8] 

 

     
   

     [9] 

(EN 1995-1-1, 2004) accepts a conservative simplification of Wp according to equation [10]. 

 
   

    

 
 [10] 
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The moment strength in equation [1] is simply defined as          one of the tabulated 

parameters discussed in section 2.2.2. 

2.2.4 Plate capacity 

The plate capacity is defined similar as the anchorage strength as the sum of the degrees of 

utilization in x- and y-direction according to equation [12].  

 
(
     
     

)
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)

 

   [12] 

The x- and y-direction loads are components of the total force     and the moment load 

     and are defined according to equations [13] - [16] 

             ( )            ( ) [13] 

 

              ( )           ( ) [14] 

where the force and momentum are defined as 

 
    

 

 
 [15] 

 

 
      

    
 

 [16] 

The plate capacity resistance is defined from material and geometrical parameters according to 

equations [17] and [18] where the material properties are derived from equations [19] - [21]. 
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From these equations it is clear that the calculation procedure in itself is not very complicated. 

The problem is that it is difficult to deduce it and follow the forces and stresses through the 

joint as the calculation merge it to a homogeneous stress and strength over the entire plate. 

Therefore it is also difficult to predict what elevated temperature will do to the joint as the 

different parts may act differently depending on angles, forces, thicknesses and materials. 

2.3 Design procedure according to EN 1995-1-2 

2.3.1 Unprotected nail plates 

Eurocode 5 has a specific chapter for the design procedure of timber joints subjected to fire 

with both simplified and analytical design methods for dowels, nails, screws, bolts, slotted in 

steel plates and different types of ring connectors. However when it comes to connections 

with external steel plates, in which punched metal plate fasteners must be included, there are 

no such design procedures. 

6.3.1 Unprotected (external steel plate)1 connections 

(1) The load-bearing capacity of the external steel plates should be determined according to 

the rules given in EN 1993-1-2. 

(2) For the calculation of the section factor of the steel plates according to EN 1993-1-2, it 

may be assumed that steel surfaces in close contact with wood are not exposed to fire.’ 

The problem with these formulations is that there is no response in (EN 1993-1-2, 2005) for 

this cross-reference, at least no pre-defined design procedure. The consequence of this is that 

the only way to design a punched metal plate connector, according to (EN 1995-1-2, 2004), is 

to make an analytical investigation or a full scale test. 

                                            
1 Authors amendment  
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2.3.2 Protected nail plates 

In difference to the unprotected scenario there is a design procedure for protected external 

steel plates in (EN 1995-1-2, 2004). The method is empirical and gives the minimum thickness 

of timber or wood-based panels needed to guarantee a specified time, equation [22].  

            (          ) [22] 

Where: 

      thickness of the panel 

      char rate for the covering material 

       coefficient taking into account increased heat flux through the fastener, 

= 1.5 

       required time resistance (min) 

        tabulated fire resistance time of unprotected joint, 5 min 

Assuming the use of a plywood panel (    ) and a required protection time of 15 minutes the 

resulting panel thickness will be 15 mm. For protections other than timber Eurocode 5 

reference to Eurocode 3, a cross-reference as fruitless as the unprotected case.  

2.4 ISO 834 fire curve 

The most common time-temperature relationship used in fire design is the ISO 834- fire 

curve, (ISO 834-1, 1999), also known as the ‘standard fire’. Although Eurocode allows the use 

of other fire scenarios, both standardized and simulated, the ISO 834-curve is the 

recommended and the primary used in scientific research and tabulated data. 

           (     (     )) [23] 

The standard fire curve is expressed through equation [23] and displayed in Figure 6. 

 

Figure 6 The three nominal fire scenarios suggested by EN 1991-1-2 
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2.5 Timber according to EN 1995-1-2 

When timber is heated it start to dry, the moisture content decreases and the wood starts a 

vaporization process called pyrolysis, which slowly converts the solid timber into a combustible 

gas. The remaining product of the pyrolysis process is a layer of char that will surround and 

insulate the unharmed core of wood that will keep its original material properties. This process 

correlates with the temperatures of the timber and will therefore slowly creep into the member 

as the fire temperature rises, which will lead to that a loss in material strength. (EN 1995-1-2, 

2004) assumes the border of charring as the position of the 300 degree isotherm and the 

pyrolysis zone as the area underneath where the timber has reduced properties, Figure 7.  

 

Figure 7 Material zones of timber subjected to fire 

(EN 1995-1-2, 2004) suggest two simplified design procedures for the degradation of timber 

subjected to fire; the Reduced cross-section method and the Reduce properties method. 

Mutually for the two methods are the calculations of the char layer and the basic assumption 

that char has no load bearing capacity, but they differ in the assumption of the pyrolysis zone. 

The reduced cross-section method assumes no load bearing strength nor in the pyrolysis zone 

neither in the char layer. The reduced properties method removes the char layer and then 

reduces the load bearing capacity of the entire remaining cross-section, independently if the 

material is harmed or not. The rate at which different timber products degrade under elevated 

temperature is presented in Table 1. 
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Table 1 Char rates under the influence of the standard fire according to (EN 1995-1-2, 2004) 

 

Both of these assumptions are conservative and give similar answers, (EN 1995-1-2, 2004) 

gives the structural engineer the freedom to choose whichever they find fit but recommend 

the reduced cross-section method. The procedures for both these methods are given in 

Appendix A. 

2.6 Steel according to EN 1993-1-2 

Steel has very predictable and well documented structural and thermal properties. The most 

significant differences between steel and timber are that steel is an isotropic material with high 

conductivity which makes it easy to predict the temperature distribution throughout the 

material. Structurally the steel loses its load bearing properties at elevated temperatures from 

full strength at 400 degree Celsius to no strength at 1200 oC, Table 2. 

Table 2 Thermal reduction factors for steel yield strength, (EN 1993-1-2, 2005) 

Temperature [oC] ky,θ [-] Temperature [oC] ky,θ [-] 

0 1.000 700 0.230 

100 1.000 800 0.220 

200 1.000 900 0.060 

300 1.000 1000 0.040 

400 1.000 1100 0.020 

500 0.780 1200 0.000 

600 0.470   

2.7 Steel-Timber interaction 

As being described in the introduction all timber joints are to some extent an interaction 

between timber and steel and the thermal behaviour of this composite is not known. Different 
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studies has shown different results; (Frangi, Erchinger, & Fontana, 2010) shows how the timber 

under fire exposed steel has a slightly greater char rate than the standard char rate of 0.65 

mm/min (LVL) while (Moss, Buchanan, Fragiacomo, Lau, & Chuo, 2009) observed a slightly 

lower char rate (0.57 mm/min) in steel-wood-steel connections. 

Studies have been conducted in the area of punched metal plates that is not properly mounted 

and only partially embedded. Figure 8 shows six different embedment failure.  

 

Figure 8 Example of partially embedded punched metal plate fastener (Nielsen, 1999) 

According to (TPI/ANSI-1:1995, 1995) the design strength of a single nail with an 

embedment distance of more than 2.5 mm should be considered as zero, Table 3. This 

standard is developed for the industrial production of timber trusses to ensure the structural 

integrity and quality of the resulting products. Even though the standard does not consider fire 

exposure and is developed to ensure a conservative design strength it still gives a hint of just 

how important the embedment depth is.  

Table 3 Embedment reduction factors for embedment gaps, (Nielsen, 1999) 

 

2.7.1 Steel calculations 

To evaluate the structural behaviour of the punched metal plate two different problems must 

be solved; a thermal and a mechanical. The main objective is to predict the thermo-mechanical 

performance of an isolated nail plate where the timber does not affect the result.  
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2.7.1.1 Thermal behaviour 

When a metal body has a large surface area compared to its volume, i.e. is thin, lumped heat 

conductivity may be assumed. This means that the internal heat flow resistance in the object is 

small compared to the surface resistance (convective resistance) and it may therefore be 

assumed that the object has homogenous temperature distribution throughout the cross 

section. By calculating the Biot number of the object it can be validated if lumped heat 

conductivity may be assumed, equation [24].  

 
   

     (
     
        

)

  
     

[24] 

As the nail plate is thin (1.3 mm) and steel has a very high conductivity a lumped heat 

conductivity may be assumed (Bi=4*106 <<0.1), Appendix C. It can therefore be assumed 

that the entire plate will have the same temperature, and as the initial assumption was an 

insulated backing, the same temperature as the fire. 

2.7.1.2 Structural behaviour  

The structural geometry of a punched metal plate is quite complex and demands computerized 

calculation tools to be solved. (Thelandersson & Larsen, 2003) suggest the following 

approximations while evaluating a finite element model for the calculation of punched metal 

plate connectors. 

 

Figure 9 Approximation of the steel plate geometry 
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1. Assume structural failure at Figure 9 (1) 

2. Assume no deformation of the active nail region, resulting in two stiff plates with a 

respective centre of gravity  

By adopting these approximations the plate will get a theoretical shape of Figure 9 (C) and as the 

calculation assumes axial force only, this geometry is equivalent to the geometry in Figure 9 (D). 

By these approximations the mechanical resistance of the punched metal plate may be calculated 

as equation [25]: 

                       [25] 

Where: 

ky,θ - thermal reduction factor defined in (EN 1993-1-2, 2005) 

fy – yield strength at ambient temperature 

Across – the cross section area at (1) Figure 9 
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3 Method 

3.1 Experiment 

The experiments are conducted in a furnace that can expose the sample to a combined 

simultaneous thermal and structural load, during which a number of parameters can be 

measured. The sample dimensions are limited in length (800 mm) and in width (70 mm) due 

to the dimensions of the furnace, Figure 10. 

3.1.1 Furnace 

 

Figure 10 Design of the furnace, dimensions in [mm] 

The furnace is heated by a gas burner which uses liquefied petroleum gas (LPG) to produce a 

flame that mimics a fire scenario. This is achieved by measurement of the temperature that 

regulates the flame intensity to follow the appropriate time / temperature-rate of the assigned 

fire curve, the standard set-up is the ISO 834 - fire curve. Throughout the test the theoretical 

and the actual temperatures are measured and noted so that the experiment can be reviewed.  
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The test specimen is subjected to a structural axial load produced by a hydraulic jack producing 

compressive as well as tensile load. As the experiment is performed under displacement 

control, the load can be set to be constant despite the samples expansion and contraction or the 

position of the cylinder can be set to be constant resulting in a temperature dependent 

structural stress.  

Throughout the experiment a number of data is registered including: axial load, deformation 

and temperature of the furnace chamber. Additionally the experiment will be supplemented by 

thermocouples on the surface of and inside the test specimen. 

3.1.2 Test specimen 

The tests will consist of one basic test specimen in four different set-ups, Figure 11. It consists 

of two short timber beams joint with a punched metal plate fastener and hinged with three 

bolts at each end placed symmetrical around the centre axis resulting in a semi rigid joint. 

 

Figure 11 Basic test specimen 

The materials used for the test specimen are: 

 Timber class: T0/C14 

 Punched metal plate fastener: MiTek Top-w (Appendix B) 

The test specimens were made on site at Complab, LTU were the joints were pressed together 

with a pressure of 403kN, i.e. 8MPa. This pressure is enough to press the plate into the wood 

but not enough to crush the timber, Figure 12.  
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Figure 12 The production of timber joints made with a hydraulic press 

The test specimen is fastened into the furnace chamber with three 10 mm-bolts at each end, 

these joints are designed to withstand 24kN of tensile load, Figure 13. After the mounting of 

the specimen the bolted joints were covered with mineral wool to protect them from the fire, 

Figure 14. This method has never been tested before so the insulation will be evaluated 

throughout the experiments and presented in chapter 6.5. 

 

Figure 13 Sketch of the bolted joints 
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Figure 14 The bolted joint before and after covering with mineral wool, pictures taken from different experiments. 

3.1.3 Set-ups 

There is only one recommended design procedure for the protection of external steel plates, 

see chapter 2.3.2, and that should give a conservative thickness of timber based material 

dependent of the desired protection time. This method will be tested with 45 mm of plywood 

for 30 minutes of resistance time, according to equation [22] and Appendix C. Other plausible 

protection methods will also be tested to evaluate the possibilities of protected punched metal 

plate joints.  

Four different set-ups will be used where the conditions will be varied to evaluate the effects of 

different plausible passive protections, Table 4. 

Table 4 Test set-up with load level and protections presented, tests 1 and 2 will be identical. 

Test Tensional load Fire load Protection Comment 

1 8 kN ISO 834 -  

2 8 kN ISO 834 -  

3 8 kN ISO 834 Fire resistance gypsum 15 mm 

4 8 kN ISO 834 Mineral wool 50 mm 

5 8 kN ISO 834 Plywood 45 mm 

The tensile load will be set to 8 kN, 10 % of the design resistance of ambient temperature, 

calculated according to Appendix C. The fire protecting materials are chosen because of their 

common use and are as follow: 
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 Fire resistance gypsum: Gyproc GF Protect™ F 

 Stone wool: ISOVER Ultimate UNI-board 37, Euro class A1 

 Plywood: WBP-glued plywood, 15 mm, Swedish pine, quality: BB 

3.1.4 Thermocouples  

To evaluate the impact of the elevated temperature on the connection three thermocouples 

will be installed in the specimen, one under the steel plate (3) and two in the centre of the 

cross section to evaluate the plate’s impact on the heat flux into the wood. The position of the 

thermocouples is presented in Figure 15. 

 

Figure 15 Test specimen with three thermocouples: (1) Core temperature under the plate,  

(2) Core temperature, (3) Steel temperature (between the plate and timber) 
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4 Experimental prediction 

As the interaction between timber and a punched metal plate fastener subjected to fire is not 

known there is no way to actually calculate an estimated critical time. To get a prediction of 

the result of the experiment two simplified calculations have been conducted; firstly, a timber 

design according to (EN 1995-1-2, 2004) to evaluate the behaviour of the timber with the 

assumption that the nail plate will not affect the result. Secondly, an evaluation of the structural 

resistance of the punched metal plate while subjected to elevated temperatures and an insulated 

backing is assumed. 

4.1 Timber calculations 

As described in chapter 2.5 (EN 1995-1-2, 2004) permits two different procedures for the 

calculation of timber subjected to fire, the reduced cross section method and the reduced 

properties method. Although Eurocode recommend the cross section method in general, in 

this case the properties method will give a more accurate result. The difference between the 

two procedures is the treatment of the pyrolysis zone; the cross section method reduces the 

structural strength to zero within the zone and the properties method reduces the strength of 

the entire remaining cross section (including the pyrolysis zone). As punched metal plate 

fasteners have short nails it will, after a short time of elevated temperature, receive large parts of 

its structural support from the timber within the pyrolysis zone and less from the unharmed 

timber (Figure 16).  

 

Figure 16 Temperature zones under the nail plate. A) Actual cross section, B) Assumption according to the 

reduced cross section method, C) Assumption according to the reduced properties method. 

While it can be argued that the pyrolysis zone is negligible in comparison to the unharmed 

core while calculating the structural strength of the entire cross section the same simplification 

should not be used in this situation. Although parts of the nails will be embedded in the 
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unharmed timber it still is a better approximation to say that the entire nail is embedded in 

timber with reduced strength rather than mostly in char. By comparing Figure 16 (C) to 

Figure 8 (4) some similarities can be noted between the fire case and the case with partially 

embedded nail plate.  

As the nails are only 14 mm long it is the early charring that is interesting and as the charring 

surpasses the length of the nails no more load bearing strength is possible. The residual layer 

thicknesses are presented in Table 5 and are calculated according to Appendix A. 

Table 5 Layer thicknesses [mm] of the remaining embedment depth 

 Reduced cross section Reduced properties 

[min] Char [mm] ([%]) Timber [mm] ([%]) Char [mm] ([%]) Timber [mm] ([%]) 

0 0 (0) 14 (100) 0 (0) 14 (100) 

5 4 (37.5) 10 (62.5) 3 (25) 11 (75) 

10 11 (75) 3 (25) 7 (50) 7 (50) 

15 16 (112.5) -2 (-25) 11 (75) 3 (25) 

 

As can be observed in Table 5 the residual load bearing material after 5 minutes will be 75% in 

the case of reduced properties and less than 70% with the cross section method; within 15 

minutes the cross section method will be less than zero and down to 25% with the properties 

method. This shows that no matter what mechanical load the connection is subjected to, the 

expected resistance time cannot be more than 15 minutes 

4.2 Steel calculation 

Assume a punched metal plate connector of the model MiTek Top W (300*168 mm) with the 

cross section area Across= 127,4 mm2 and fy=330 MPa then the resulting axial tension resistance 

will correspond to Table 6, calculations in Appendix C.  

Table 6 Temperature dependent tensional resistance for punched metal plate fasteners 

Temperature [oC] ky,θ NRd,fi,plate [kN] NRd,fi,joint [kN] 

400 1.0 42.0 84.0 

500 0.780 32.8 65.6 

600 0.470 19.8 39.6 

700 0.230 9.7 19.4 

800 0.110 4.6 9.8 
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4.3 Joint behaviour in ambient temperature 

As the design procedure for punched metal plate fasteners is based in the sum of two degrees of 

utility (equation [1]), the easiest way to calculate the design strength is to program an Excel 

sheet and iterate until an acceptable design load is found. The calculations are made according 

to (EN 1995-1-1, 2004) and shows that a joint made with MiTek top W-plates of these 

dimensions has a resistance of 84.5 kN, Appendix C. By comparing the plate capacity 

calculation in Appendix C by the full strength result in Table 6  it can be noted that both show 

an equal resistance of ~42 kN which validates the approximations made in 2.7.1.2. 

4.4 Conclusions from experimental predictions 

The theoretical reasoning above shows that the punched metal plate fastener will resist an axial 

tensional load of 84 kN up to 400 oC but then rapidly decrease as the temperature of the plates 

rises. But despite the fact that the steel will lose its strength as the temperatures rises the timber 

is most likely to be the critical part as the char layer will creep below the nails embedment 

depth within 20 minutes leaving the plate with no anchorage strength. With that in mind it is 

very unlikely that an unprotected joint will withstand fire for even the shortest of resistance 

time of 15 minutes.  
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5 Results 

The results will be presented one by one and then summarized at the end of the chapter. 

Because of the furnaces limited extinguishing possibilities the experiment could not be aborted 

at the time of failure, which made it impossible to analyse the residual cross section. 

5.1 Unprotected test 1 

The first unprotected specimen lasted 11 minutes and 24 seconds (684 s) before it collapsed 

through failure of the anchorage strength, Figure 17. Figure 18, Figure 19, Figure 20 and 

Table 7 describes the outcome of the experiment. 

 

Figure 17 The first unprotected experiment conducted, right after failure of the punched metal plate fastener 

 

 

Figure 18 Load and displacement diagram, unprotected specimen 
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Figure 19 Temperature diagram, unprotected specimen 

 

Figure 20 Furnace temperature diagram, unprotected specimen 

Table 7 Summary of unprotected specimen 

Time to failure Nail plate temperature Core temperature under plate Core temperature 

684 s 75 °C 104 °C 113 °C 

 

5.2 Unprotected test 2 

The second unprotected specimen lasted 11 minutes and 3 seconds (663 s) before it collapsed 

through failure of the anchorage strength. Figure 21, Figure 22, Figure 23 and Table 8 describe 

the outcome of the experiment. 
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Figure 21 Load and displacement diagram, unprotected specimen 

 

Figure 22 Temperature diagram, unprotected specimen 
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Figure 23 Furnace temperature diagram, unprotected specimen 

Table 8 Summary of unprotected specimen 

Time to failure Nail plate temperature Core temperature under plate Core temperature 

663 s 533 °C 110 °C 100 °C 

5.3 Gypsum plaster 

The specimen that was protected by fire resistant gypsum kept its structural integrity in 34 

minutes and 43 seconds (2083 s) before it collapsed. In difference to the unprotected scenario it 

was not the punched metal plate connection that failed but one of the bolted fixed ends. 

 

Figure 24 The fire resistant gypsum protected specimen before testing.  

Only one end is bolted and none is insulated. 
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Figure 25 The fire resistant gypsum protected specimen after testing 

 

 

Figure 26 Load and displacement diagram, specimen protected by fire resistant gypsum 
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Figure 27 Temperature diagram, specimen protected by fire resistant gypsum 

 

Figure 28 Furnace temperature diagram, specimen protected by fire resistant gypsum 

Table 9 Summary of specimen protected by fire resistant gypsum 

Time to failure Nail plate temperature Core temperature under plate Core temperature 

2083 s 426 °C 221 °C 200 °C 

 

5.4 Stone wool 

The test specimen protected by stone wool lasted for 24 minutes and 7 seconds (1447 s). As in 

the case with the gypsum board it was the bolted fixed ends that failed.  
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Figure 29 The stone wool experiment during the preparations 
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Figure 30 Load and displacement diagram, specimen protected by stone wool 

 

Figure 31 Temperature diagram, specimen protected by stone wool 
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Figure 32 Furnace temperature diagram, specimen protected by stone wool 

Table 10 Summary of specimen protected by stone wool 

Time to failure Nail plate temperature Core temperature under plate Core temperature 

1447 s 371 °C 107 °C 105 °C 

5.5 Plywood 

The plywood protected connection is the only design procedure that can be found in 

Eurocode, see 2.3.2. The test specimen lasted for 48 minutes and 45 seconds (2925 s) and as 

the other protected specimens it was the bolted ends that finally gave in.  

 

Figure 33 Test specimen 5 in place with the ends wrapped in stone wool 
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Figure 34 Load and displacement diagram, specimen protected by plywood 

 

Figure 35 Temperature diagram, specimen protected by plywood 
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Figure 36 Furnace temperature diagram, specimen protected by plywood 

Table 11 Summary of specimen protected by plywood 

Time to failure Nail plate temperature Core temperature under plate Core temperature 

2925 s 140 °C 96 °C 103°C 

 

5.6 Result summary 

The results are summarized in Table 12. 

Table 12 Summary of the experiments 

 Time to 

failure 

Gas 

temperature 

Nail plate 

temperature 

Core temperature 

under plate 

Core 

temperature 

Unprotected 1 684 s 708 °C 75 °C 104 °C 113 °C 

Unprotected 2 663 s 764 °C 533 °C 110 °C 100 °C 

Gypsum 2083 s 864 °C 426 °C 221 °C 200 °C 

Stone wool 1447 s 924 °C 371 °C 107 °C 105 °C 

Plywood 2925 s 1003 °C 140 °C 96 °C 103 °C 
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6 Analysis 

6.1 Unprotected specimen 

By examining Figure 37 it can firstly be concluded that both samples failed in the same failure 

mode, the plates has bent outwards with no deformation of the nails. When the anchorage 

strength decreased faster than the steel strength the nails kept their shape forcing the connector 

to bend outwards. A block failure could have been another possibility but Figure 37 shows that 

the plate has bent outwards and a block failure can therefore be excluded.  

 

Figure 37 Nail plates after unprotected testing 

According to the experimental prediction (presented in Table 5) the nail plate should only 

receive load bearing strength from half the original embedment depth with reduced 

embedment strength after 10 minutes. It is therefore not surprising that the specimen failed 

after slightly more than 11 minutes and confirms the theoretical conclusion that an unprotected 

punched metal plate fastener cannot resist fire for 15 minutes, despite the low degree of utility 

of 10%. 

The temperature measurement leaves no clear conclusion to be found. The steel temperature 

of test 1 is obviously wrong and can only be explained by problems with the thermocouple.  
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6.2 Gypsum protected specimen 

At the testing with gypsum board the nail plate never failed as the fixed end failed first. The 

sample was then left in the furnace such a long time that all combustible material was burned 

and all that remained was shards of plaster and the nail plates shown in Figure 25 and Figure 

38. It can be noted that there is no consistent deformation of the nail plates; the nails has small 

deformations in different directions and the plates has no uniform buckling what so ever. The 

most plausible reason for the shape of the plates is the fact that they have been inside a furnace 

at over 1000°C and at some point crashed down onto the floor together with the rest of the 

residuals. 

 

Figure 38 Nail plate after testing with gypsum protection 

The specimen lasted for over 34 minutes which is a good result as the fire resistant gypsum is 

marketed as a surface layer that can withstand 40 minutes of fire, unfortunately the fixed ends 

failed before this timespan could be surely confirmed. It would be interesting to see for how 

long the specimen would have lasted as the temperatures had risen to critical levels despite the 

plaster; the steel had exceeded the 400°C where it theoretically starts to loose strength and the 

core temperatures of the timber exceeded 200°C which indicates that the pyrolysis process had 

started throughout the entire cross section. 

6.3 Stone wool protected specimen 

The stone wool protected specimen was the worst of the protected experiments and lasted for 

only 24 minutes; unfortunately this was also caused by the failure of the fixed ends. The entire 

specimen, including the ends, was protected with the same method which meant an outer 

cladding of 50 mm stone wool structurally supported by a metal net, Figure 29. By comparing 

the temperature distribution at the time of failure (1447 s) to the gypsum specimen it was 

noted that the timber core temperatures is almost the same at 1447 seconds for the both 
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experiments (107 resp. 105 °C). Although the nail plate temperatures differ with 160 °C it is 

still very surprising that the two methods show such consistent temperatures. As the rate of the 

charring seems to be the critical parameter it is very unfortunate that the experiment failed 

prematurely.  

 

Figure 39 Nail plate residuals from the stone wool protected specimen 

By comparing Figure 38 and Figure 39 some similarities in the nail plate residuals can be 

noted; the plates has mostly remained in shape and no consistent deformation of nor the nails 

neither the plates can be found. If anything did the plates from the gypsum-experiment deform 

more, but that might be explained by the fact that the stone wool-plates never fell to the 

ground but stayed secure in the stone wool cladding.  

6.4 Plywood protected specimen 

The residual nail plates from the plywood-experiment are presented in Figure 40 and show no 

differences from the other protected specimens. As a consequence of the fact that it was the 

fixed end that failed the plates has some minor deformations. 

 

Figure 40 Nail plate from plywood protected specimen 
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The plywood protection method is the only design procedure that is prescribed by Eurocode 

and is therefore of special interest. The calculation procedure is presented in (EN 1995-1-2, 

2004) and the cladding thickness calculations resulted in 43.3 mm, which should be a 

conservative value for 30 minutes fire resistance. However in the test conducted the cladding 

thickness was 45 mm because of the use of 15 mm plywood sheets. 

This method was by far the most successful; the joint held for 48 minutes and 45 seconds and 

when it failed it was at one of the fixed ends. While comparing the final temperatures from this 

experiment with the others it is clear that the low conductivity of timber (in this case 

plywood) has a strong influence of the critical temperatures of the joint. Despite the fact that 

this specimen was subjected to fire a much longer time than the others it still has the lowest 

temperatures in the entire test series.   

From this result two conclusions may be drawn; the design method described in Eurocode is 

indeed conservative, even though the test was conducted with 2 mm plywood more than the 

prescribed there is no doubt that the prescribed would have held for 30 minutes. Secondly, the 

protecting method used for the fixed ends in this experiment was far better than any of the 

others, see Discussion . 

6.5 Discussion  

Throughout the experiments the temperatures of the furnace were measured to validate the 

result, the temperatures are presented in Figure 41 and show an overall good correlation with 

the ISO 834 fire curve.  

 

Figure 41 Comparison of the furnaces temperature at the different tests 
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Although the temperatures of the furnace are good there is a tendency of too high 

temperatures, especially in the early phase and the reason for this is that the burner’s minimum 

burning rate is too high. Even though the computer registers a higher temperature than the 

desired it cannot lower the gas flow more, so this is a flaw in the equipment. There is also a 

problem with the placement of the thermocouple as it is difficult to guarantee the exact 

position of the threads both throughout the individual experiment and through the entire set 

of experiments. This is probably what has happened in Test 5 at 1 000 seconds when the 

temperature suddenly jump 200 °C, the thread must have been bumped at the outside and 

accidently pushed further in and closer to the flame. 

The major problem throughout the experiments has been how to fixate the ends so that they 

would not fail before the punched metal plate fastener. The initial approach was to wrap the 

bolted joint in thin sheets of mineral wool of the same type already used in the furnace to stop 

the radiative and convective heat flux from direct contact with the joint (like a radiation shield) 

and then rely on the joints robustness. This approach worked for the first two (unprotected) 

specimens but proved insufficient as the time span increased with the gypsum protected 

specimen. The primary problem is that when the timber between the joints (nail plate and 

bolted) burns away the flames and hot gases reaches in under the insulation from the side and is 

transported horizontally under the insulation to the joint.  

For the stone wool experiment the end joints were protected with the same stone wool 

wrapping that protected the punched metal plate, which should have been enough as the nail 

plate is more fragile than the bolted joint. However, when the stone wool wrapping started to 

deform and leak smoke the ends were the first to be exposed and failed before the nail plates.  

The last experiment conducted was the plywood protected and it lasted nearly 50 minutes 

before the bolted ends gave in. For this experiment a new method was tested, the ends were 

amply painted with fire retardant paint, including the inside of the predrilled bolt holes. Then 

all remaining cavities were filled with thin insulating sheets and finally wrapped in a thick layer 

(50 mm) of stone wool, Figure 42. This was by far the most effective protection method but a 

lot more work remains to find the most efficient solution for future experiment.  
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Figure 42 Test specimen 5 with fire retardant paint at the ends 
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7 Conclusion 

This project is a pilot study that seeks to evaluate the existing design methods for punched 

metal plate fasteners subjected to fire in Eurocode and in practice. The first conclusion is that 

such a method hardly exists, neither in codes nor in scientific theory, despite the fact that this is 

and has for decades been a very common structural detail. The theoretical analysis shows that it 

is very unlikely that a joint made with punched metal plate fasteners can withstand a standard 

fire scenario for even 15 minutes and the small-scale testing that has been conducted confirms 

this.  

The experimental testing shows that a punched metal plate fastener subjected to fire can 

withstand fire for about 11 minutes while simultaneously loaded to 10 % of the ambient 

temperature degree of utility. But it also shows that it is possible, with ordinary passive fire 

protections, to give the joint a fire resistance of 30 minutes and more. There is in fact a crude 

conservative protection method prescribed in Eurocode, this method works as far as fire 

resistance is concerned but the resulting structure is not nearly as slim and flexible as the 

original joint was.  

The conclusions of this study are:  

 Structures built with unprotected punched metal plate fasteners should be 

considered unclassified concerning fire resistance, R0 

 Experiments have shown that the timber protection method prescribed in (EN 

1995-1-2, 2004)( 6.3.2(1) ) gives an acceptable solution 

 Experiment have shown that there are other plausible alternatives to the 

timber protection method in (EN 1995-1-2, 2004) as gypsum boards and 

stone wool 

 Further research has to be conducted to: 

o Empirically confirm the result of this study by repeated experimentation 

o Evaluate the effects of different loading and directions 

o Evaluate the effects of different plausible protection methods  
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Appendix A  

Calculation for timber cross-section 

One dimensional burning 
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Two dimensional burning 
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Test of dimension 

 
     {

                           

                           
 

 
[28] 

                        [29] 

Reduced cross-section method 
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Reduced properties method 
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Equation [33] is only valid for tensile strength and modulus of elasticity. 
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Appendix C 

Lumped heat capacity calculation: 
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Plate tensional resistance  
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Plywood protection  

As the plywood is 15 mm thick and not 20 mm the βn is changed according to EN 1995-1-2 

equation (3.4), i.e. multiplied by√(
  

  
). 

 

           (          )  (  √
  

  
)     (    )          
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Appendix D 

Conditions 

 

 
 

 

 
 

 

   

        

        

        

        

        Input data 
       Geometry Length 800 mm   

   

 
Width 195 mm Timber dimension 

  

 
Thickness 45 mm   

   

        

 
Width 168 mm   

   

 
Length 150 mm Plate dimensions 

  

 
Thickness 1,3 mm   

   

        

 
h 195 mm Width of the  timber member 

 

 
Aeff 23890 mm2 

    

 
heff 168 mm 

    

 
l 168 mm 

    

 
α 0 rad Angle between fastener- and force direction 

 
β 0 rad Angle between grain- and force direction 

 
γ 1,5708 rad Angle between fastener- and cut surface 

        Anchorage strength fa,0,0,k 3,65 N/mm2   
   

 
fa,90,90,k 1,96 N/mm2   

   

 
ft,0,k 252 N/mm   

   

 
fc,0,k 119 N/mm   

   

 
ft,90,k 181 N/mm MiTek Top W 

  

 
fc,90,k 131 N/mm   

   

 
fv,0,k 116 N/mm   

   

    
  

   

 
k1 0,006 

 
  

   

 
k2 -0,025 

 
  

   

 
kv 0,71 

 
  

   

 
α0 0,733 rad   

   

 
γ0 0,2443 rad   

   

        

 
γM 1 

     

 
kmod, timber 1 

     

 
kmod, steel 1 

     

        Design Load FEd 84500 N 
    

 
MEd 0 Nmm 

    Output controll umax 0,9959 Ok Maximum degree of utilization 
 

Calculations for a punched metal 
plate fastener connected parallel 
to a beam according to Eurocode 
1995-1-1. 
Plate: MiTek Top W 

Temperature: ambient 



J 

 

Calculations 

 

 
 

      Geometry 
       

        

        

        

        

        

        Anchorage capacity 
       Anchorage strength fa,α,0,k 3,65 N/mm2 

    

        

 
fa,α,β,k 3,65 N/mm2 β≤45 

   

 
fa,α,β,k 3,65 N/mm2 45<β≤90 

   

 
fa,α,β,k 3,65 N/mm2 

    

 
fa,α,β,d 3,65 N/mm2 

    

        Ancorage stress FA,Ed 42250 N 
    

 
τf,d 1,7686 N/mm2 

    

        Moment strength fa,0,0,d 3,65 N/mm2 
    Moment stress MA,Ed 0 Nmm Total moment load per plate 

 

        

 
d 220,1 mm Conservative approximation: EC5-1-1 (8.48) 

 
Wp 1E+06 mm3   

   

 
τM,d 0 N/mm2 

    

        Verificaion 
 

0,2348 Ok 
    

        Plate capacity 
       Load FEd 42250 N 

    

 
FM,Ed 0 Nmm 

    

 
Fx,Ed 42250 N 

    

 
Fy,Ed 0 N 

    

        Resistance fn,0,k 252 
     

 
fn,90,k 131 

     

 
k 1 

     

        

 
Fx,Rk 42336 

     

 
Fy,Rk 19488 

     

        

 
Fx,Rd 42336 

     

 
Fy,Rd 19488 

     

        Verification 
 

0,9959 Ok 
    



K 

 

 


