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ABSTRACT: Tall buildings with a high occupancy need to resist disproportionate collapse caused by unforeseen 
exposures, e.g. terrorism or accidents. If a damage has occurred in a building, the damage propagation can be halted if 
the structure is robust, i.e. it provides alternative load paths (ALPs). The ALPs of platform-type cross-laminated timber 
buildings have not been studied in detail on the component level. The goals of this paper are thus to elicit which ALPs 
may develop on single storeys in a corner bay of a platform-type cross-laminated timber building, and to study how the 
various building components contribute to the ALPs. For this purpose, a non-linear quasi-static pushdown analysis was 
conducted in a finite element model of an 8-storey building after a wall removal. Friction, fastener failure, timber failure 
and large displacements were accounted for. Four different ALPs were identified at various storeys and their 
mechanisms were described. The results could be used to improve the capacity of the ALPs and make platform-type 
cross-laminated timber buildings more robust in the future. 
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1 INTRODUCTION 123 
Cross-laminated timber (CLT) panels are used as 
elements for both gravity and lateral load bearing 
systems for an increasing number of multi-storey 
buildings. In platform-type CLT buildings, the floor 
panels of each storey are supported on top of the wall 
panels of the storey below, resulting in a platform. The 
walls of the storey above are supported on the respective 
platform below, resulting in a compression of the floor 
panels along their support. 
Tall buildings with a high occupancy need to resist a 
disproportionate collapse, given unforeseen exposures, 
e.g. terrorism or accidents [1]. For collapse resistance, 
after an unforeseeable event has already happened, and 
after a subsequent initial damage has already occurred in 
the building, the last line of defence is called structural 
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robustness. Robustness avoids a disproportionate 
spreading of the damage in the remaining structure after 
a component has been lost. In a robust building, 
alternative load paths (ALPs) can develop when a part of 
the bearing structure has been removed [2]. 
For tall concrete and steel buildings, alternative load 
path analyses (ALPA) have been commonly performed 
to elicit the response of a structure after a notional 
element removal [3]. To account for non-linearities and 
dynamic effects, the finite element method (FEM) is 
usually applied during an ALPA. An efficient way to 
conduct an ALPA is to quasi-statically push down the 
damaged structure above the removed component in a 
non-linear analysis and to record the resulting force-
displacement response (pushdown curve) [4]. The 
dynamic response of the system can then be evaluated 
using the energy conservation principle. Detailed finite 
element (FE) models have been successfully used to 
study the development of ALPs at the component level 
and in the connections for concrete and steel structures 
[5,6], a task which otherwise would require extensive 
testing campaigns. 
For timber, some collapse analyses have been conducted 
on a global level [7,8], however, detailed analyses of the 
ALPs including the component level in platform-type 
CLT buildings are still scarce. ALPs are strongly 
dependent on the behaviour of the connections after a 
component loss [2]. In a previous study where the 
behaviour of single screws was modelled in a collapse 
analysis [9], it was found that a progressive rupture of 
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fasteners between panels may occur. In platform CLT 
buildings, friction between the components, compressive 
crushing and tensile failure of timber could affect the 
ALPs and should therefore be accounted for in a model. 
Therefore, the goals of this paper are to 

i) elicit which ALPs may develop on single storeys 
in a corner bay of a platform CLT building, and 

ii) study the contribution of various components to 
the ALPs. 

To achieve the goals, FE models were developed for 
single storeys in an example building [10] and non-linear 
quasi-static pushdown was performed using the 
commercial software Abaqus [11]. 
 
2 MATERIALS & METHOD 
2.1 EXAMPLE BUILDING 
An existing 8-storey platform-type CLT building in 
southern Sweden served as an example for this study. In 
Sweden, the Eurocodes are followed for structural 
design. The example building consists of six bays, 
separated by double walls and without floor continuity, 
to satisfy sound insulation requirements. To cover a 
worst-case scenario, one of the corner bays was 
modelled for this study. To simplify, any openings like 
doors or windows were ignored and each storey of the 
bay was assumed to be alike. 
The idealised bay including its floor plan can be seen in 
Figure 1. The bay was isolated from the remaining 
building which was replaced by springs at each storey. In 
a separate FE model of the surrounding structure, the 
spring stiffness was estimated to be 7.4 kN/mm. Each 
storey consisted of four 5-ply CLT wall panels with 20-
30-20-30-20 mm layer thicknesses, and three 5-ply CLT 
floor panels with uniform layers thickness of 46 mm. 
The middle CLT floor panel was 2.38 m wide and the 
outer panels were 2.02 m wide. The floor panels were 
joint by 60 mm overlapping lap joints. All CLT was 
made of C24 graded timber [12]. As indicated in Figure 
1, a wall panel on the bottom storey of the corner bay 
was assumed to be removed. 
 

 
Figure 1: Idealised model of the bay; a) isolated from the 
remaining structure with indicated removed wall, b) floor plan 
of the bay 

In the studied bay, four different types of fasteners were 
mounted, see Figure 2. In the floor-to-floor (F-F) and 
wall-to-wall (W-W) connection, double-threaded self-
tapping screws (STSs) were inserted in a 45 degrees 
angle into the joint. In the floor-to-wall connection (F-
W), partially threaded STSs were inserted through the 
floor into the wall below. The floors were connected to 
the walls above by angle brackets of type TTF 200 [13]. 
All STSs were spaced 400 mm and the brackets 1000 
mm apart. 
 

 
Figure 2: Connections in the bay with various fasteners. 

 
2.2 FE MODEL OF THE CORNER BAY 
Since a high level of detail was desired to account for 
interactions among the components, the bay was split 
into three independent models, representing the top, a 
middle and the bottom storey, see Figure 3.  
 

 
Figure 3: Separate models of storeys in the bay 

Each storey model contained three wall panels, 
henceforth referred to as the fixed walls, and three floor 
panels on top of them. The top and middle storey 
additionally contained a fourth wall panel, henceforth 
called the movable panel, which was located above the 



wall panel which as assumed to be removed in the 
bottom storey. For the model of the bottom storey, this 
fourth wall panel was not modelled to simulate the panel 
removal. The fixed walls were fixed in rotation and 
translation at their bottom edge because displacements at 
these edges were expected to be small compared to other 
displacements in the storey model. The fixed internal 
walls were each connected by two springs to the fixed 
background, as mentioned in section 2.1. The movable 
walls were unrestrained at their bottom. 
For the bottom and middle storey, the bottom edge of the 
walls of the next storey were modelled by corresponding 
rigid 2D surfaces which were loaded with the wall load 
wi for the i-th storey. This rigid simplification was 
assumed because the bending deflections of those walls 
was expected to be insignificant compared to other 
storey model deformations. For the top storey, w8 was 
applied directly on the roof panels, without a contacting 
rigid surface. wi was applied as a surface pressure and its 
magnitude was calculated from the required accidental 
load combination in [14] which considered dead, live 
and snow loads. Consequently, no further floor loads 
were applied. For the representative middle storey, the 
loads corresponding to storey two, i.e. w2 were applied. 
To study the ALPs, a quasi-static pushdown analysis was 
conducted for each storey model separately; in the 
bottom and middle storey, the rigid surface representing 
the movable wall of the next storey was moved 
downwards, in the top storey, the movable wall at the 
same storey was moved downwards instead. The 
analysis was conducted using an implicit dynamic 
simulation step with the backwards Euler time integrator, 
to ensure a high level of numerical damping and thus 
improve the convergence at sudden stiffness changes, 
e.g. connector failure [15]. Large displacements were 
accounted for in all models. 
The wall and floor panels were modelled as 3D solids, 
see Figure 4. The walls were discretised with continuum 
shell elements (SCR8), which apply the Mindlin-
Reissner (shear flexible) shell theory [11], and which 
accounted for each CLT layer by asserting a composite 
layup using 3 thickness integration points per layer. The 
same elements were used for the inner bulk of each floor 
panel, henceforth called the floor core, see Figure 4, 
because it was predominantly loaded in bending. The 
floor edges, enframing the floor core, were finely 
meshed with quadratic hexahedral elements (C3D20R) 
which were kinematically tied to the core. The fine mesh 
in the floor edge allowed for a high resolution of plastic 
crushing perpendicular to the grain and friction, both 
resulting from the wall loads. Between all parts, 
including the rigid surfaces replacing the walls of the 
next storey, contact in normal direction was modelled by 
a “hard” contact law, i.e. zero pressure at zero 
penetration, enforced by a linear contact stress increase 
at penetration [11]. The tangential contact was modelled 
by isotropic Coulomb friction with a coefficient of 0.3. 
 

 
Figure 4: Different mesh sizes in a storey model 

For the timber components, linear elasticity with a 
simplified orthotropic stiffness tensor was assumed; the 
radial and tangential direction were not distinguished 
and were modelled in an average sense (transverse 
isotropy) because in general, the boards in a CLT layer 
are neither sawn nor positioned homogeneously. 
Furthermore, the Poisson’s ratios were set to zero. A 
C24 strength grade [12] was assumed for all boards; the 
elastic parameters and strengths in the respective 
directions are summarised in Table 1. 

Table 1: Material parameters, all values in MPa 

Direction Elastic 
modulus 

Tensile 
strength 

Compressive 
strength 

Longitudinal 11 000 14.5 21.0 
Transverse 370 0.4 2.5 
Longitudinal 
shear 

690 4.0 4.0 

Rolling shear 50 1.0 1.0 
 
Timber failure in compression, i.e. crushing, was 
modelled by ideal plasticity, initiated by a Tsai-Wu yield 
criterion [16], which was realised by adapting a user 
subroutine from [17] to incorporate the compressive 
strengths of Table 1. Tensile and shear failure was 
recorded in the subroutine by setting a failure flag to 
those elements which reached any of the given tensile or 
shear strength values. Brittle cracking due to element 
failure was not modelled phenomenologically, however, 
it was evaluated manually by counting the number of 
elements marked as failed in the floor edges which were 
loaded in transverse shear during pushdown (see Figure 
5); if the cross-sectional projection of a contingent group 
of elements in the transverse (i.e. strong) CLT layers 
occupied the entire cross section of a layer in the floor 
edges, it was assumed that a crack compromised this 
layer and therefore all further loading capacity of the 
floor panel was dropped. 
 



 
Figure 5: Failure criterion for the floor edges 

2.3 CONNECTION MODELLING 
The STSs and angle brackets in the storey models were 
modelled by two-node finite connector elements 
(CONN3D2) at their respective locations. In a connector 
element, separate constitutive laws along each degree of 
freedom between the connected nodes can be specified. 
The nodes of each connector element were coupled to a 
group of surface nodes on the respectively connected 
parts. 
For this study, the constitutive laws of the connector 
elements included only an initial linear elastic stage with 
stiffness K, an ideal plastic stage with yield point Fy, and 
a damaging stage which started at the damage initiation 
motion xd and which exponentially degraded the stiffness 
and eventually led to rupture after an additional motion 
of xd /10. For the STSs, the constitutive laws for the two 
shear directions were coupled, to ensure a uniform 
behaviour in the entire shear plane. Similarly, the 
constitutive laws for the bracket uplift motion 
(perpendicular to either the floor or the wall) were 
coupled. 
For the shear motion of the STSs and for the 
translational motions of the brackets, xd was set to 20 
mm, as noted in another study [18]. For the axial motion 
of the STSs, xd was set correspondingly to Fy, to model 
brittle failure. For bracket rotation, no damage was 
modelled. If damage was initiated in one direction of a 
connector, the resulting degradation was applied to all 
directions. 
For the STSs, the axial stiffness, Kax, was calculated 
according to the respective technical approvals [19,20] 
by Equation (1), and the shear stiffness, Ksh, was 
calculated according to [21] by Equation (2). 
 

  (1) 
   

 
 

(2) 

 

where l is the penetration length of the thread in mm, d is 
the nominal screw diameter in mm, ρm is the mean 
timber density in kg/m3 and K is in N/mm. 
The axial strength, Fax,max, of the F-F and W-W STSs 
was governed by thread extraction and it was calculated 
by Equation (3) from [22]. The axial strength of the F-W 
STSs was limited by head pull-through and it was 
calculated by Equation (4), taken from [19]. 
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where ρk is the characteristic timber density in kg/m3, α 
the angle between the fibres and the screw axis in 
degrees, fhead,k the characteristic pull-through parameter 
of the head in N/mm2, and ρa a reference density in 
kg/m3. The latter two parameters are given in [19]. 
The yield point in shear for the STSs was calculated 
from Johansen’s equations in [21], based on the 
characteristic embedment strength fh,k (in N/mm2) which 
was calculated from [22] by Equation (5). 
 

 
 

(5) 
 

For the bracket, the results from [18] were used to model 
the translational motion of the connector element 
replacing it. A rotational behaviour in opening motion 
was added, and the necessary parameters were taken 
from the results of a separate FE analysis of a model of 
the bracket, specifically conducted for this study. All 
input parameters for the used finite connector elements 
are summarised in Table 2. 

Table 2: Parameters for the finite connector elements 

Connector Direction K Fy 
  [kN/mm; 

Nm/deg] 
[kN; Nm] 

F-F axial 21.9 8.2 
 shear 3.1 4.5 
F-W axial 9.6 2.1 
 shear 2.3 1.4 
W-W axial 10.6 4.3 
 shear 2.4 2.0 
Bracket uplift 3.8 50.0 
 shear 6.7 66.5 
 rotation 63.0 154.0 

 
 



3 RESULTS 
In the storey models, four different ALPs were found, 
see Figure 6, where they were numbered after their 
relative importance: 
I. ALP I was the floor panels resisting the pushdown 

motion by transversal shearing. 
II. ALP II was the movable wall panel acting as a deep 

beam. 
III. ALP III was the floor panels acting as a catenary in 

lateral direction. 
IV. ALP IV was the roof panels acting as a suspension 

for the movable wall. 
ALP I could not occur in the top storey, ALP II could 
not occur in the bottom storey where the gap was 
assumed, and ALP IV could only occur in the top storey.  
 

 
Figure 6: Identified ALPs under quasi-static pushdown in the 
a) top, b) middle and c) bottom storey. The deformations are 
magnified. 

ALP I was concentrated at the edges of the floor panels, 
and it was limited by transversal shear failure in the 
panels. The behaviour of ALP II was predominantly 
governed by the W-W STSs, i.e. the load transfer ended 

when the STSs reached their rupture criterion. ALP III 
was governed by the F-F STSs and friction between the 
floor panels. Although the STSs in the lap connection 
were loaded non-uniformly, a progressive rupture did not 
occur. ALP IV was dependent on the F-W STSs between 
the roof and the movable wall panel. ALP IV failed as 
the STSs progressively ruptured due to the non-uniform 
loading situation, see Figure 6a. 
Figure 7 shows the axial force in each F-F screw of the 
right lap joint, in a sequence from the screw closest to 
the gap to the screw farthest away, during maximum 
pushdown load of each storey model. It shows that the 
force decreased approximately linear along the lap joint 
and that the screws farthest away from the gap are barely 
loaded. In the middle storey, the axial forces of the first 
nine screws are significantly lower than in the bottom 
storey, because the movable wall prevented a spreading 
of the floor panels. In the top storey, the first six screws 
closest to the gap shared the catenary loads 
approximately equally. 
 

 
Figure 7: Non-uniform axial force in the F-F STSs in the right 
lap joint, at maximum pushdown load. The inset in the top right 
corner shows the force distribution in the joint. 

The pushdown curve of each storey model can be seen in  
Figure 8. For the bottom and middle storey, the 
compressive crushing of the CLT due to ALP I led to a 
distinct inelastic response in the pushdown curve 
between approximately 2 mm and 7 mm pushdown 
distance. At larger distances, failure was detected in the 
floor panels and load transfer along ALP I ended. ALP 
III was dependent on the functioning of either ALP I or 
ALP IV. Therefore, after the failure of ALP I, only ALP 
II persisted for the middle storey, and no further ALP 
was available for the bottom storey. The magnified inset 
for the top storey curve in Figure 8 shows a partial 
softening at which some of the F-W STSs failed close to 
the walls, followed by an increase in resistance during 
which the roof panels rotated, and eventually a sudden 
resistance drop which marked the progressive failure of 
the remaining F-W STSs. Beyond that point, only ALP 
II persisted for the top storey. In all storeys, ALP II 
seized after the rupture criterion of the W-W STSs was 
reached. 



 
Figure 8: Pushdown curves (force F, displacement δ) of the 
storey models for the bay 

4 DISCUSSION 
This study elicited the potential ALPs in an isolated 
corner bay of a platform CLT building after an external 
wall removal and described how the building 
components contributed to the ALPs. Detailed FE 
models of the top, a middle and the bottom storey were 
pushed down in non-linear quasi-static analyses. Despite 
the applied level of fidelity of the model, the simulated 
behaviour remains to be verified by experimental tests. 
Nevertheless, the results of this study can be regarded as 
a principal description of the acting mechanisms in 
structures like the analysed bay. 
The loads along ALP I resulted in a concentration of 
transverse shear stresses, which was intensified because 
rigid surfaces were used to push down the bottom and 
middle storey. Together with an unvalidated, yet 
assumed conservative, shear failure criterion for the 
floors, the exact capacity of ALP I must remain 
unknown. Nevertheless, it is evident that the given setup 
of vertically aligned wall panel edges is 
disadvantageous. If the bottom wall panel is removed, 
the remaining panels above can act together and provoke 
high shear loads in the floors, which may lead to a 
progressive collapse. If instead the walls were staggered 
vertically like in a brick wall, see Figure 9, the generated 
discontinuity could result in additional load 
redistribution deeper into the remaining structure via 
deep beam action of the unaligned wall panels. 
The deep beam action in ALP II could be used to a 
significantly greater extent than what was found in this 
study, if stiffer and stronger W-W connectors were 
provided, e.g. angle brackets. The full capacity for deep 
beam action of the walls remains to be examined in 
experiments and should be the topic of future research 
endeavours. 
Although ALP III was not identified to have reached its 
capacity, it should be noted that its failure would have 
disabled ALPs I and IV because it would have led to a 
sagging of the floor panels. Therefore, it should be 
ensured that ALP III, i.e. the F-F connectors, possess 
sufficient overcapacity and ductility. 
 

 
Figure 9: Vertical staggering of walls to avoid alignment 

The capacity of ALP IV could not unfold for the 
analysed structure due to lacking resistance against the 
rotation of the floor panels. If the roof was stiffened, e.g. 
by a beam spanning over multiple bays and stiffer 
connectors, then ALP IV could contribute to the collapse 
resistance to a significantly greater extent, e.g. as in [8]. 
The storey models neglected any openings in the CLT 
panels, e.g. windows and doors, and therefore the 
pushdown curves must be regarded as an upper limit for 
similar structures. Large openings in the wall panels 
would significantly reduce the panel stiffness and the 
capacity for deep beam action. In addition, the stiffness 
reduction would result in a different load spreading 
behaviour of the system. 
 
5 CONCLUSIONS 
For the isolated corner bay of the studied example 
building, the identified ALPs were: 

I. Transverse shear resistance of the floor panels, 
which was limited by transverse shear failure. 

II. Deep beam action in the wall panels, which was 
limited by the W-W connectors. 

III. Lateral catenary action in the floor panels. 
IV. Hanging action from the roof panels, which was 

limited by the F-W connectors. 
Experimental investigations are needed to validate the 
ALPs and quantify their exact capacity. In specific, the 
capacity of deep beam action of the CLT walls should be 
investigated in future experiments. 
This study described how components and connectors 
could be improved to increase the capacity of the ALPs. 
The gained knowledge about the ALPs may be used to 
make platform-type CLT buildings more robust in the 
future and prevent disproportionate collapse. 
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