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ABSTRACT 

Punched metal plate fasteners (nail plates) are currently the top choice in the wooden-truss 
industry because of its high mechanical capacity and easy automated assembly. Here, a 
computational modelling is proposed to evaluate the force distribution within the plate’s 
anchorage area and in the rupture lines, a structural system that in most cases is highly 
hyperestatic and does not feature an analytical solution. This method can be applied to areas 
with multiple gaps (rupture lines) and therefore its analysis is discussed from a quantitative and 
qualitive point of view.   
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INTRODUCTION 

Metal-plate-connected wood trusses are widely used in residential construction and continue to 
be increasingly used commercial and agricultural construction. A major reason for the success 
of this connection is the high mechanical performance and the efficiency in the production of 
prefabricated trusses using nail plates [1,2]. The increased use of nail plates with longer spans 
resulting in bulky trusses suggests that a more thorough understanding of the joint behaviour 
would be beneficial [3]. 

The main reference to the connection design is the European Standard EN 1995-1-1:2004 (EC5) 
which brings the Ultimate Limit State (ULS) equations to verify the plate design, but do not 
comprehensive information about the mechanical modelling to obtain these forces. The two 
ULS equations (8.52 and 8.55) from EC5 are based in the force distribution within the plate. 
The force is initially transferred from the timber to the nails by an anchorage area (Figure 1a), 
then from the nails to the steel plate. In the joint line (gap line) (Figure 1b), the net-cross-section 
transfer the force to the other side of the plate and finally to the other side of the joint (Figure 
1c). Thus, two failure modes are identified: the capacity of the anchorage area to resist the 
distributed forces and the maximum load supported by the gap line section. Therefore, the 
design steps of a nail plate connection consist in determining the forces applied in the anchorage 
area and at the gap lines.  

 

   (a) First member anc. area 

 

   (b) Single gap line 

 

  (c) Second member anc. area 

Fig. 1 - Nail plate force distribution 
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The present paper aims to contribute to the current research stage and present an numerical 
approach to evaluate the force distribution in joint sections with multiple gaps, since single gap 
sections are isostatic and can be solved manually. 

 

LITERATURAE REVIEW 

Some research efforts have been done on nail plate modelling using analytical [1,4] and 
numerical [5,6] methods. The main difficulty is to define the boundary conditions of the plate-
wood contact region and the current approach is to use springs to simulate the teeth-wood 
interface, and the consideration of a non-linear spring combined with a rigid behavior in the 
gap line interface have been proven accurate to describe the load-slip curve results. The 
modelling should also account for the various rupture modes [7] – in-plane and out-of-plane – 
since the connection parameters can alter not only the ultimate stress value, but also the rupture 
mode. 

One of the first FEM method was present by Foschi [4] and many subsequent researches are 
based on the following considerations. The 2D model assumed that the timber-plate interface 
was rigid, connected by non-linear springs. The stiffness of each spring, that simulated each 
“tooth” in the plate is evaluated according to mechanical and geometric plate properties. Load-
slip was experimentally determined as: 

( )( )0

0 1 1 k m
P m m e

− ∆= + ∆ −                                                    (1) 

Where P is load on the joint, ∆  is joint slip, k  is initial slope of the curve, 1m  is asymptotic 
slope of the curve and 0m  is intersection of the asymptotic slope with the load axis. Foschi's 
proposition successfully predicts max-load and slip curves, but the analysis was scoped to 2D 
failure modes, thereby tooth withdrawal and other out-of-plane modes could not be predicted. 

Cramer [1] also addressed the nail plate modelling, and took into consideration the joint 
eccentricity and the semi-rigid nonlinear behaviour of the connection. Each tooth was modelled 
as a group of three springs, two translational and one rotational, positioned at the centre of 
gravity of the tooth-plate contact area. The following rupture-deformation modes were studied 
simultaneously: tooth deformation, wood deformation and steel deformation Analysis has 
shown that the premise of the rigid behaviour of the gap line is reasonable to predict the force 
distribution within the gap line. 

Groom [8] produced a theoretical model that accurately predicted the maximum limit states of 
different connection types. The method was based on the theory of elasticity and included the 
inelastic behaviour of the teeth and took into account the variation of the moment of inertia 
along the tooth length. The test approach was an incremental loading, where each load 
increment was processed assuming that at these intervals the joint behaviour was linear. The 
linear responses were then accumulated for each increment. The model was able to accurately 
predict the load-slip curves considering various types of geometric combinations. 

Vatovec [9] used ANSYS software to analyse the connections. In this study, a nonlinear 3-D 
modelling was idealized, and each tooth was considered as a node composed of three nonlinear 
springs. The nail plate was modelled without gaps between the teeth. The model calculated the 
axial stress-strain curves accurately, but the authors reported that the rotational parameters were 
not validated due to lack of sufficient boundary conditions. 
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MULTIPLE GAP JOINT MODELLING 

As previously stated, there are two EC5 equations that must be satisfied in terms of ultimate 
state that comes with the load distribution in two stages: the forces applied at the anchorage 
area and the forces in the gap lines. The first model that transfers the loads from the timber to 
the geometric centre in the anchorage area is documented on the third part of the French 
Standard DTU 31.3. The results given by the structural model are the loads acting on the 
anchorage area (Figure 2) and allow a straight forward anchorage area verification, therefore it 
will not be detailed here. This paper intends to provide further information in the gap line 
verification, by the analysis of the joint illustrated in Figure 3: 

 
               (a) Joint configuration 

 
         (b) Forces in the anchorage area 

Fig. 2 - Nail plate study case 

 
The objective is to transfer the loads applied at the geometric centre of each region to the gap 
lines, as shown in Figure 3. The system is pointedly undetermined, as each line requires three 
distinct force values (H, V and a moment M) that need to be solved simultaneously. Besides, 
there is no initial boundary conditions. 

 
Fig. 3 - Force system in the gap lines 

The proposed method is based in the premises stated by Foschi and Cramer. Initially, the line 
is divided by a finite integer number and to each new node, a set of springs are addressed. The 
springs will evaluate the slip in the nodes, and by multiplying by its stiffness, it is possible to   
extract a discrete value, that represents the distributed force in each node. There are three 
springs per node, to account for horizontal, vertical and rotational deflections. 
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The line behaviour is considered rigid, therefore there will be no relative rotation between two 
adjacent nodes. The rigid element consideration requires a formulation of geometric constraints 
or, as in most structural analysis software, a numerical approximation where the defined rigid 
elements are arbitrarily assigned with a proportional higher stiffness value. Another approach 
is to use rigid links, initially designed to simulate rigid diaphragm slab behaviour, which uses 
a geometric constraint between a group of nodes (slave nodes) in relation to a main node (master 
node). This method not only accounts for a precise rigid behaviour, but reduces the degree of 
freedom of the overall model, since the rigid members behave as boundary elements, not adding 
extra members and nodes to the system. 

The spring stiffness is given by the slip modulus parameter serK which is a mechanical property 
of the nail plate. EC5 Table 7.1 gives reference values for the slip modulus of each connection 
type and provides a safety factor for the ULS slip modulus uK : 

2
3

ser
u

M

K
K

γ
⋅=
⋅

                                                              (2) 

Where Mγ  is the partial factor for material properties. The translational and rotational stiffness 
are then defined:  

2x y u ancK K K A= = ⋅ ⋅                                                        (3) 

2 u pK K Iφ = ⋅ ⋅                                                             (4) 

Where ancA  is the anchorage area and pI  is the anchorage area’s polar inertia. With the given 

geometry in Figure 2, Table 1 presents the stiffness parameters for each anchorage area: 

Table 1 - Spring stiffness of anchorage areas 

 Kx [kN/cm] Ky [kN/cm] Kφ [kNm] 

Area A 175,8 175,8 16,3 

Area B 425,6 425,6 103,5 

Area C 216,9 216,9 175,8 

 

For a single area, the structural model is illustrated in Figure 4. The forces are applied in the 
centre of gravity of the anchorage area, which is the master node from the rigid link boundary 
element. For each node in the rigid link, a group of springs are associated, to account for the 
force distribution in the gap line. 

 
Fig. 4 - Single area structural model 
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This model can be used to every area in the connection, and given the Forces in the anchorage 
area in Figure 2b and the spring stiffnesses in Table 1, the following results were calculated 
(Table 2): 
 

Table 3 - Force distribution by isolated areas 

 V [kN] H [kN] M [N.m] 

 Line AB 0,750 -0,869 1,15 

Line BC -1,117 -1,662 1,02 

Line AC 0,808 -0,933 -1,32 

  
This is the common approach to solve the multiple gap system, using the rigid behaviour to the 
gap line and springs to account for the force distribution. Although this method could be applied 
to every area, the fact that adjacent lines may have different values depending on the area which 
the model is calculated, a generalized model is proposed. By taking the average stiffness for 
every adjacent line, it is possible to account for the whole connection system, as shown in Figure 
5: 
 

 
Fig. 5 - Multiple area structural model 

 
The main difference in this method is the exploit of the overall force balance within the system. 
Since the internal forces in the plate must be in equilibrium, accounting for all the areas 
simultaneously will reduce the forces on each line, since adjacent regions with opposite forces 
will now be part of the same global system. 

The spring stiffness shall be adjusted, taking account the anchorage area influence in adjacent 
lines. For each line, the effective stiffness will be the average between the adjacent areas (Table 
3): 

Table 4 - Effective spring stiffness 

 Kx [kN/cm] Ky [kN/cm] Kφ [kNm] 

Line AB 300,7 300,7 59,9 

Line BC 321,3 321,3 139,65 

Line AC 196,4 196,4 96,05 
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The force distribution values are presented in Table 4: 

Table 4 - Force distribution by multiple areas 

 V [kN] H [kN] M [N.m] 

 Line AB -1,915 0,563 0,17 

Line BC 0,599 0,904 1,02 

Line AC 0,11 -0,623 -0,33 

 
As expected, the overall force values were lower compared to the isolated areas due to the 
equilibrium of anchorage areas. The biggest reduction was noted in the bending moment value, 
46%, which is a satisfactory result, since bending moments are often the design limitation in 
truss rafters. 
 
CONCLUSIONS 

In order to solve the multiple gap problem, it was necessary to impose boundary conditions on 
the gap lines. The main theory is the consideration of a rigid behaviour for the gap line and a 
set of springs to account for the force distribution. The first approach evaluating each area 
individually led to overestimated values, since the independent forces on each area don’t 
contribute to the system’s equilibrium. The second approach using multiple areas provided a 
simplified method to evaluate the whole connection by averaging the spring stiffness of each 
adjacent lines. Since the current standards make no mention on how to obtain the gap line 
forces, it is intended to use experimental tests to select and correct the numerical model. 
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