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Summary 
To gain more insight in the buckling behaviour of a stacked Poly Civil falsework system 

this research is conducted. The research project consists of an experimental and a 

numerical part. The numerical model is validated by the experiments conducted. The aim 

of the research is: 

Consider the bearing capacity of a stacked Poly falsework system and determine the 

influence of the braces between the jacks at the top and bottom of the system. 

Previous research [10] assumed a stacked Poly falsework system to buckle always in a 2D 

buckling mode because of the high number of props supporting each other. This research 

focusses on the behaviour of a single tower, where 3D buckling modes can occur. The 

material properties of the materials used in the experiments are tested for use as input 

in the numerical model. Also the geometric imperfections of the tests are determined for 

the same reason.  

Different experiments are conducted: the height of the structure is varied as well the 

bracing between the jacks. Three load cases are looked at, all with the same configuration. 

Looking at the height of the structure, a higher structure means a lower buckling load, 

which is expected. A tower with a height of 5700mm or higher will fail in a global failure 

mode, mostly caused by failure of the jacks. The lowest configuration (4600mm) fails due 

to local buckling of the middle piece at a load of ca. 200kN per column. The structures 

with additional bracing fail also due to local buckling of this middle piece, at the same 

load. When the structure is supported at the top, the buckling load will increase, for a 

braced structure to ca. 235kN per column. When the structure is loaded with a horizontal 

and vertical load simultaneously, the structure will fail due to instability of the tower as 

a whole.  

To calculate the buckling load, a numerical model is made. This model will repeats same 

configurations as the experimental research so they can be compared. A 3D model is made 

in Abaqus with 2-node cubic beam elements. An element is used with cross sectional 

properties of a circular or square hollow section. To validate the numerical model different 

imperfection models are used, four models regarding different design codes and three 

models regarding measurements from the tests either with or without an additional bow 

imperfection. It can be stated that imperfections which are measured are not accurate 

enough to predict the buckling behaviour. An additional bow imperfection should be used. 

To determine the buckling behaviour in general an imperfection model should be taken 

as an accurate but conservative imperfection model. After validation it can be stated that 

the imperfections given by the Eurocode [15] in combination with the imperfections from 

the additional falsework design code [12] give an accurate buckling behaviour. So a bow 

imperfection to every structural component and an overall sway are applied in 

combination with an overall bow and an additional sway for each structural component.  

The buckling behaviour of the 2D and 3D configurations is similar. Nevertheless the 

behaviour of the 3D single tower is also in a rotational direction around its central vertical 

axis. Therefore the buckling load of the 3D configuration is lower. When looking at the 

structures which fail in a local buckling mode, the structures show similar behaviour and 

loads. So for the higher structures a 2D buckling behaviour is not accurate compared to 

the real behaviour. Additional research is needed to determine the influence on structures 

with multiple bays and therefore more columns.  
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Looking at the behaviour with nominal element and cross sectional properties and the 

accurate imperfection model, the structure shows similar behaviour compared with the 

tested configurations. To get a more accurate relationship between the height and the 

failure load of the structure, additional simulations will be done. However this 

relationship seems to be almost linear.  
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1. Introduction 
This research is done in cooperation with Safe bv, which designs and leases falsework. They have 

their own engineering department and falsework system. The buckling behaviour of this falsework 

system is looked at in this research project. Previously, the falsework system is researched with a 

numerical 2D model. The result of that study should be confirmed by an experimental research.  

1.1 Research goal 

So as a follow up on that research [10] an experimental program is developed. To fairly 

compare the experiments with the previous numerical research an additional numerical 

research is conducted. This to consider all variables which are used to get to a valid 

numerical model. The numerical research is done in a 3D model which represents the 

same configurations as used in the experimental research.  

This research project focuses on the buckling behaviour of a stacked falsework system, 

called Poly falsework. The aim of this project is therefore:  

Consider the bearing capacity of a stacked Poly falsework system and determine the 

influence of the braces between the jacks at the top and bottom of the system. 

This report describes the two parts of this research, the experimental research and the 

numerical research. First a brief state of the art is given in the literature overview. This 

includes a description of the first Poly system and the improved Civil Poly system. Also 

an overview of previous research done by former TU/e students is given. And a listing is 

made of research regarding laboratory testing of different falsework systems, mainly 

focussing on the way of testing. In chapter 3 the experimental program is described, 

consisting of small scale tensile tests and full scale experiments. The numerical model is 

described and validated in chapter 4, whereafter the comparison of the results and 

previous research is described. Also a setup towards the design graphs is made to predict 

the buckling loads. The final chapter includes the main conclusions and 

recommendations.  

1.2 Scope 

The Civil Poly falsework system is looked at in this report. The buckling behaviour and 

buckling loads for a stacked configuration are investigated. A system with the 

conventional amount of bracing between the middle pieces is considered (Paragraph 

2.1.7). Optional additional bracing between the jacks is included in this research. A bay 

length of 1200mm is considered.  
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2. Overview of literature 
Several research projects were conducted regarding scaffolding and the behaviour of scaffolding. 

Former TU/e students have conducted research at Safe bv. with their scaffold system. These reports 

are used as literature to obtain information about the system. Further research is done by several 

other people, mostly by Peng et al. from the Hong Kong Polytechnic University [1, 6].  

2.1 Poly system  

Safe bv. uses its own designed scaffolding system, namely the Poly falsework system. This 

system is improved which resulted in a new version, the Civil Poly falsework system. Both 

systems are compatible and described in this chapter.  

Figure 2-1: Poly prop [16] 
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2.1.1 Poly prop 

Figure 2-1 shows the product sheet of a Poly prop, which is one of the first elements used 

by Safe. It consists of an outer tube with a threaded part attached to it, which holds the 

inner tube. This results in the prop having an adjustable height. The prop comes in two 

lengths, as shown in the figure.  

2.1.2 Middle piece 

To create a higher supporting structure middle pieces can be used to extend the Poly 

props. Figure 2-2 shows the product sheet of these middle pieces. The middle pieces are 

available in lengths varying from 300 to 2000mm. These middle pieces have the same 

cross section as the Poly props. The middle pieces can also function as a prop and be 

combined with independent jacks.  

  

Figure 2-2: Middle pieces 1150 and 2000mm [16] 
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As mentioned before, there are two systems used by Safe bv. Instead of the Poly props 

described above the Civil Poly elements can also be used. These Civil middle pieces are 

developed for higher loads, so they have a larger cross section to increase the bearing 

capacity. The middle pieces have a length of 2000 or 4000mm. The ledgers and diagonals 

used for the Civil system are the same ones as for the standard Poly system. Figure 2-3 

shows the difference in cross section of the two systems. The two systems are compatible 

with each other. 

2.1.3 Poly ledgers 

The props are coupled to each other by Poly ledgers, as can be seen in Figure 2-4. The 

ledgers are developed to ensure the stability and increase the flexibility of the system. 

Before Poly frames were used instead of these ledgers. The ledgers are available in 

different working lengths (L), varying from 300 till 3300mm. The stability of the system 

is provided by diagonals, which are connected to the ledgers. These diagonals are hollow 

circular tubes.  

  

Figure 2-3: Section of standard and Civil Poly element 

Figure 2-4: Poly ledger [16] 



Technische Universiteit Eindhoven University of Technology 

 
 12 |   Buckling behaviour of a stacked Poly falsework system 

2.1.4 Jacks 

The Civil Poly system uses middle pieces combined with jacks. The jacks are available in 

lengths of 750 or 1400mm, and have both a different cross section. The 1400mm jacks 

(Figure 2-5) are often used in combination with the Civil middle pieces for maximal 

bearing capacity. The jack has a working length which can vary between 300 and 

1100mm. 

 

  

Figure 2-5: Jack 1400mm [16] 
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2.1.5 Diagonals 

To provide stability of the structure, diagonals are used which are connected to the 

ledgers. These diagonals have a fixed length and a diameter of 42.5mm. Diagonals with 

an adjustable length are used for bracing of the Civil jacks. The outer tube of this diagonal 

has the same dimension as the normal diagonal. As can be seen in Figure 2-6 the inner 

tube with a threaded part is used to adjust the length.  

 

 

 

 

 

 

 

 

 

 

 

2.1.6 Connector 

To create high supporting structures, several middle pieces are combined to increase the 

height. Two middle pieces are attached easily with a connecter, which is shown in Figure 

2-7. The connector is a circular hollow section with a welded ring on it. Due to the high 

axial force, there is no additional connection needed, but it is optional to tie both middle 

pieces with bolts.  

Figure 2-6: Adjustable diagonal [16] 

Figure 2-7: Connector [16] 
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2.1.7 Poly system 

All elements of the Poly falsework system are made of structural steel, with different 

strength grading. The middle pieces and jacks are both cold formed sections and therefore 

the nominal yield strength (𝑓𝑦) is increased. The theoretical sectional properties of the 

different elements are given in Table 2.1.  

Table 2.1: Properties of Poly system 

 Middle Piece Jack  Poly Ledger Poly diagonal Connector 

Length 2000mm 1400mm 300-3000mm varies 300mm 

Diameter 100mm 63.5mm 48.3mm 42.4mm 63.5mm 

Thickness 2mm 5mm 3.2mm 2.65mm 2.5mm 

Steel grade S355 S355 S235 S235 S235 

Characteristic 
Yield strength 

410N/mm2 450N/mm2* 235N/mm2 235N/mm2 235N/mm2 

*Regarding table B1 from NEN-EN 12811-1 [12] 

Figure 2-8 shows an example of the Poly system when it is assembled. As can be seen the 

jacks are placed at the top and bottom of the structure, with middle pieces in between. 

Different ledgers can be used, in this example ledgers 1200 and 1800 are used. Poly 

diagonals are assembled in one bay, where the (adjustable) diagonals are optional to 

assembly between the jacks. This is done to create more stability in the supporting 

structure. This is usually done if the jacks have a length of 800mm or more. The shown 

system has one supporting bay, and two horizontally coupled bays. On top of this structure 

a steel or aluminium beam can be placed. For this research the Civil Poly elements 

(2000mm) in combination with the 1400mm jacks are used.  

 

Figure 2-8: Poly system  
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2.2 Load bearing capacity 

Research regarding the load bearing capacity of the Poly system was conducted by several 

people. At first B. van Geijtenbeek [7] studied a single Poly prop. Later H.J. Kuijer 

(1996)[8] determined the bearing capacity of a system with coupled props. Both these 

researches refer to the first Poly prop. As mentioned before, the Poly props are currently 

improved and therefore additional research is done by other people.  

2.2.1 Early research 

The first two studies performed for Safe bv. were done regarding buckling of a single Poly 

prop. First Geijtenbeek [7] did nine experimental tests, the test setup is shown in Figure 

2-9. Different configurations were done, three with the maximum total height and three 

with the minimum total height. Also three tests were done with a height in between these 

values.  

From this study it can be concluded that the difference between global buckling an local 

failure is at 3000mm height. Also, initial imperfections have a high influence on the 

buckling load. When the base of the specimen is a little distorted the buckling load is 

significantly lower.  

Later Kuijer [8] did a follow-up research to determine the behaviour when several props 

are coupled. A numerical model was made to predict the behaviour. The props in the first 

bay are coupled with ledgers and diagonals, the second bay is attached with one ledger. 

This is similar to how it is done in practice. All connections are modelled as hinged 

connections, including the base supports. An initial imperfection of the members is 

included in the model.  

Figure 2-9: Test setup Geijtenbeek [7] 
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2.2.2 Load bearing capacity of a stacked Poly system 

After these researches S. Lamerichs [9] continued with numerical research on the Poly 

props. This research is done regarding the load bearing capacity of a stacked Poly system. 

The used setup is shown in Figure 2-10 and consists of two Poly props stacked on top of 

each other with a centre to centre distance of 1800mm. For the bracing of the structure, 

Poly ledgers and diagonals are used. Also Poly frames are used to compare the behaviour 

of the two systems. The emphasis of this research is on the system with ledgers and 

diagonals. So a similar configuration as in the current research.  

The numerical model was made with Ansys and 3d elements were used. The model is 

solved in a 2d configuration, so all elements are supported in the third dimension. The 

connections between the ledgers and props and between the ledgers and diagonals are 

modelled as hinged connections. The top of the Poly props are horizontally supported. 

Eventually, for the GMNIA analysis, a distinction is made into two sets of material 

properties, one for steel grade S235 and one for steel grade S355. Both have a bi-linear 

stress strain diagram. 

Figure 2-11 shows the ultimate loads of the different setups by Lamerichs. As can be seen 

the ultimate load bearing capacity increases for lower structures and decreases when 

more columns are coupled. This behaviour is also expected for the Civil Poly elements.  

 

Figure 2-10: Setup of Lamerichs. [9] 
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2.2.3 Load bearing capacity of a stacked Civil Poly system 

After this research the Civil Poly system is developed to create a higher buckling 

resistance. This Civil Poly system is researched by L. Luu in 2015 [10]. The research 

objective of this study was: What is the load bearing capacity of the stacked Poly falsework 

system for higher design loads? Also the influence of the number of supported columns on 

the buckling load is taken into account.  

The research includes both experimental and numerical research. The experimental 

research targets on the boundary conditions which can be used as input for the numerical 

research. The strength and the rotational capacity of the connection between Poly ledger 

and middle piece was tested in the laboratory.  

Figure 2-11: Ultimate load of stacked Poly system [9] 

Figure 2-12: Setup of Luu (two parts combined) [10] 
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The configuration used for the numerical research is a stacked Civil Poly falsework 

system, comparable with the system used by Lamerichs. However the used elements are 

Civil Poly falsework elements. Figure 2-12 shows the setup used, the supporting bay has 

a width of 1200mm, while the supported bays have a width of 1800mm. The number of 

supported bays is varied from 1 to 3, the height of the jacks is varied from 250mm till 

1100mm.  

The numerical model was made with Abaqus and 2d beam elements were used. The mesh 

size is determined at elements of 100mm. From the results of the model several 

conclusions can be drawn:  

- The ultimate load for systems with system heights between 4,500m and 6,200m and 

horizontally coupled up to 5 props in total is determined and given in the graph of 

Figure 2-13;  

- The higher a structure, the lower the buckling load;  

- The smaller the total height, the greater the percentage difference between the 

Euler buckling load and the ultimate load;  

- The number of props coupled has less influence on the ultimate load for structures 

with a greater height. 

 

  

Figure 2-13: Ultimate buckling load of stacked Civil Poly system [10] 
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2.3 Behaviour of scaffolding 

The goal of this paragraph is to get an insight in how previous researchers have 

considered the testing of scaffold frames. As well how they chose the schematization of 

these tests in numerical models. This literature is about scaffold frames, which probably 

behave differently compared to the falsework system used in this research. However, the 

scaffold system and falsework system both are modular systems with comparable 

connections. Also, the size of the test specimens and the testing method is similar. 

Therefore these studies have been looked at to compare the testing method.  

Earlier research is conducted by different researchers. The main goal to compare these 

investigations with the current focusses on the way of testing full scale scaffold towers. 

Also the comparison of experimental tests and numerical simulations is considered. The 

initial imperfections of the numerical models are also compared. 

2.3.1 Testing method 

Scaffold systems are tested to determine the buckling behaviour and failure load. The load 

introduction and test configuration of these tests are similar. Gylltoft and Mroz [5] did 

tests on modular steel scaffolds. The specimen is an 8 meter high structure with 3 bays in 

plane and 1 bay in lateral direction. Vertical loads are placed on top of each column and 

two different horizontal loads are used to create imperfections. In other research [6] two 

series of tests were described which are conducted earlier. The tests are conducted by 

putting a steel H frame on top of the specimen, a modular scaffold tower of two stories. 

The tower is constrained for sway at the top in lateral direction. The loading is introduced 

with a jack on top of the structure. Later Chung did experiments [3, 2], where also a 

singular tower is tested with a steel frame on top, the load is introduced with a hydraulic 

jack. In 2007 Peng et al. [6], tested of 3 story, L or U shaped falsework system. The number 

of bays was varied from 1 to 12 bays. These tests were conducted on such large specimens 

that testing with a jack was not effective and weights (sandbags) were used to test the 

structures.  

So basically two ways of applying load are used in previous researches. Either with 

hydraulic jacks or with weights. For a specimen in the form of a tower structure it is likely 

more convenient to use a hydraulic jack to apply the load.  

Figure 2-14: Test setup of Peng et al. 
(weights as load)[6] 

Figure 2-15: Test setup of Weesner an Jones (steel frame and jack) 
[3] 
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2.3.2 Numerical simulations 

The numerical simulations of Gyffolt and Mroz [5] are done in Abaqus. The elements are 

three-dimensional beam elements which use a cubic interpolation scheme according to 

Euler-Bernoulli beam theory, ignoring transverse shear deformations. According to Peng 

et al. [9] modular falsework typically has instability failure due to slenderness. Therefore 

a second order analysis is necessary. The use of a full 3d model is rather accurate, but 

impractical to do for every scaffold structure. This study is done to determine a 2d working 

method to predict the failure behaviour. The structural analysis software GMNAF 

(developed by the researchers) is used to predict the behaviour of the system. Second order 

elastic analyses were performed in this study. The analysis software NIDA  was used by 

Chung [4] and Yu [2]. In this last study pointwise equilibrium polynomial elements (beam 

elements) are used. Weesner and Jones [3] did research regarding four different types of 

frame scaffolding systems assembled to form a framework approximately 5 m tall. 

Commercially available software (ANSYS) was used to predict the ultimate load carrying 

capacity of each system using both an Eigen-buckling and a geometrically nonlinear 

analysis. 

2.3.2.1 Boundary conditions in numerical model 

The rigidity of the connections of the base jacks to the ground depends on the firmness of 

the ground. Gylltoft and Mroz [5] varied the boundary conditions of these connections 

between pinned and rigid boundary conditions. The study of Peng et al. [6] also did a 

parametric study to determine the base stiffness as well the stiffness of the connections. 

The stiffness of the jack base was found to be sensitive to the plate thickness of the base 

plate. Under field conditions the stiffness showed great variations. An assumption to take 

the base stiffness as zero, so a hinged support is not unreasonable, but conservative. The 

sleeve connection, between two tubular sections, is assumed a rigid connection. This 

assumption can be concluded to be consistent with the non-linear analysis. The axial 

compression and the rigidity of the doubling of the tubular wall prevent any slippage and 

rotation of the joint. The boundary conditions of the model in Chung [4] can be classified 

into four categories, at the base the support is either fixed or pinned, and at the top the 

structure is free or pinned. To improve the results of the finite element method, the top 

support is modelled as a spring connection. This because the actual value of the stiffness 

of the support is unknown and probably between a free and full (horizontal) support. 

Weesner an Jones [3] modelled the H-frame which forms the load introduction also in the 

finite element model to ensure that the boundary conditions applied to the model were in 

agreement with the boundary conditions in the experiments. The load introduction in the 

frame is modelled by a hinge connection which prevented the frame to move in horizontal 

direction, parallel to the ground, but allowed the H-frame as a whole to rotate. The 

connection between the base and ground was modelled as a pinned connection because 

the stiffness of this connection is assumed to be very small due to the small stiffness of 

the base in comparison with the floor.  

2.3.2.2 Initial imperfections in numerical model 

Scaffolds can be distinguished from other steel structures by the initial looseness of the 

joints. Regarding Gylltoft and Mroz [5] this behaviour is non-linear till failure of the joint. 

This looseness also gives a geometrical imperfection. The initial imperfection in the 

numerical model is simulated with a horizontal load acting on the structure at mid height. 

In the study of Peng et al. [6] the initial geometric imperfections during testing are not 

measured. The computer analysis was repeated with different initial imperfections, by 
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applying a horizontal load. The initial imperfections in the numerical model of Chung [4] 

and Yu [2] were done by putting the shape of the first eigenmode of the structure to the 

model. This with a magnitude of 0.001 times the height of the structure.  

2.3.3 Failure behaviour 

The high scaffold system from the study done by Gylltoft and Mroz [5] fails at a rather 

low load because of stability failure. This is prevented by putting extra supports at mid 

height of the tower. This study is irrelevant to compare with the current study because 

the behaviour of such high towers is different from the towers this study covers. The 

behaviour of the modular scaffold described by Peng et al. [6] on the other hand is similar 

to the current study. The two story scaffold systems fail in an overall buckling mode. A 

half-sin shape occurs at the instant of failure. The influence of the base stiffness is 

something to consider in the current study. The experiments performed by Chung [2] show 

distinct differences when looking at the boundary conditions and height of the structure. 

For a low tower (1 story) the difference between a fixed or pinned base is rather small. 

This while for a two story tower the difference is almost 30%. In all configurations it shows 

that freestanding towers have a lower buckling load than towers with a support at the 

top.  The failure behaviour of the configurations studied by Peng et al. [1] are typical for 

scaffolds with a large area. All the bays support each other and have a certain stiffness. 

In the system from the current research, one bay provides the support for the whole field 

and the appending bays do not provide any stability. In the study of Weesner an Jones [3] 

comparisons are made between observed and predicted ultimate loads, and the study 

confirms that the software provides a reasonable prediction of ultimate capacity. The 

differences vary from 1 to 16 percent between the experimental and nonlinear numerical 

values.  
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3. Experimental research 
The test program consists of full scale buckling tests and small scale tensile tests. These experiments 

are commissioned by Safe bv. to gain more knowledge about their scaffold system. All experiments are 

carried out at the Structures Laboratory Eindhoven, TU/e. 

The tensile tests are conducted according to NEN-EN 10219-1 [11] and the full scale experiments are 

done regarding the design codes NEN-EN 12813 [14], NEN-EN 12811-3 [12], and NEN-EN12812 

[13]. The test setup itself is described in Appendix A of NEN-EN12813 [14].  

3.1 Motivation and objective  

This experimental research is conducted to gain more knowledge regarding the buckling 

behaviour and buckling load of a stacked Poly falsework system. The full scale tests are 

done in different configurations and different test cases to determine the relation between 

buckling behaviour and the geometry or loading conditions. The tensile tests are done to 

determine the material behaviour. 

3.2 Tensile tests 

The full scale tests which are done in the laboratory are simulated with a finite element 

method program (chapter 4). The material properties of the used materials should be 

known. Therefore tensile tests are conducted. The tensile tests are done according to 

NEN-EN 10219-1. [11] In the experiments all jacks are from one production series, this 

also accounts for the middle pieces. Two test series are done, one on material from the 

middle piece material and one on material from the jacks. 

Figure 3-1: Test specimen for test series 1 [15] 
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3.2.1 Test specimen 

3.2.1.1 Test series 1 

For square hollow sections the design code states that the specimen should be taken at 

the middle of the section, remote from the weld. Figure 3-1 shows both places where the 

specimen should be taken according to this code and the specimen taken from the middle 

piece cross section. A narrowing is applied to assure the deformation and failure will take 

place between the two points which are used to measure the strain. 

3.2.1.2 Test series 2 

For test series 2, the specimen should ideally be taken including the thread of the jack. 

Nevertheless it is chosen to take a test specimen outside this thread to create a 

rectangular cross section and have a better prospect of properly measuring the strain, see 

Figure 3-2.  

Figure 3-2: Test specimen for test series 2 

Figure 3-3: Test specimen for test series 2 
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Test series 2 consists of four test specimens, which are shown in Figure 3-3. The specimens 

are milled to create a rectangular cross section. 

3.2.2 Test results 

As said, the tests are done according to NEN-EN 10219-1, where it is stated that the gauge 

length (narrowed section) of the test specimens should be 50mm or 80mm. All test 

specimens have a gauge length of 50mm. The width of the gauge is 16mm. The nominal 

yield stress of the middle pieces (test series 1) is 410N/mm2 and for the jacks (test series 

2) 450N/mm2. 

3.2.2.1 Results of test series 1 

The results of test series 1 are shown in Figure 3-4, the values of the different tests in this 

test series have a small spreading. First the behaviour of the material is linear, until a 

yielding stress (fy) of approximately 490N/mm2. The length of the plateau is the yield point 

elongation es. After yielding strain hardening takes place and the material increases in 

strength. The maximum tensile strength is approximately 532N/mm2. The results are 

averaged whereafter the true stresses and strains are calculated with formulas 4.1 and 

4.2. 
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Figure 3-4: Stress strain diagram test series 1 
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3.2.2.2 Results of test series 2 

The results of test series 2 are shown in Figure 3-5. This behaviour is different from test 

series 1: the transition is gradual. In this case the values are averaged as well. The 

spreading is more wide, but the average is still in the middle of the four values and 

therefore represents the behaviour of the material well. 

3.2.3 Conclusion 

It could be stated that the two materials have different behaviour. Both sets of material 

properties are used in the model. For both series the strength is higher than the nominal 

strength given by the manufacturer. For test series 2 it can be stated that the values are 

more spread compared to the values of test series 1.  
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3.3 Full scale tests 

3.3.1 Test specimens 

Different test specimens are used to compare the results. The basic test specimen is a load 

bearing tower which consists of middle pieces and jacks assembled by Poly ledgers and 

diagonals. Four columns are placed with a centre to centre distance of 1200mm. The jacks 

have an adjustable length of maximum 1100mm, therefore the tower has a height of 

6200mm.  

A variation in height of the jacks and additional bracing between the jacks are the 

differences between the test specimens. In total, four different test specimens are used. 

The basic test specimen has no additional bracing between the jacks and is therefore 

unbraced (U), as shown in Figure 3-6. Figure 3-7 shows the test specimen which is braced 

(B) between the jacks. The height variations are indicated with the total height of the 

structure in millimetres. These two variations are shown in Figure 3-8 and Figure 3-9. 

The parts used to assemble the test specimens can be categorized into three different 

materials. The load bearing elements (jacks and middle pieces) are cold formed elements 

and consist of steel grade S355 with an increased nominal yield strength of 450N/mm2 

and 410N/mm2 respectively. For these two materials small scale tensile test are done to 

determine the properties of these materials. While the horizontal and diagonal braces are 

made out of steel grade S235 with a nominal yield strength of 235N/mm2. Resulting in 

three different sets of material properties.  

 

  

Figure 3-6: Configuration 1, Unbraced 6200mm 
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Figure 3-8: Configuration 3, Unbraced 5700mm 

Figure 3-7: Configuration 2, Braced 6200mm 

Figure 3-9: Configuration 4, Unbraced 4600mm 
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3.3.2 Test cases 

The tests are performed with different loads and boundary conditions. The tests are 

preformed according to NEN-EN 12813 [14] where three test cases are described. Test 

case 1a, test case 1b, and test case 2 are described.  

3.3.2.1 Test case 1a: (F_V+H)  

A vertical and horizontal load (V+H) is applied to a freestanding tower (F). The horizontal 

load is approximately 1% of the total vertical force. A schematization of the test case is 

shown in Figure 3-10.  

3.3.2.2 Test case 1b: (F_V) 

A vertical load (V) is applied to an freestanding tower (F), as can be seen in Figure 3-11. 

No horizontal forces are introduced, only vertical loads.  

3.3.2.3 Test case 2: (S_V) 

The loading on the structure is a vertical load centrally applied to the tower, so the same 

as for test case 1b (V). The tower is horizontally supported at the top (S). As can be seen 

in Figure 3-12 the top frame is connected to another frame which is connected to the main 

building.  

 

3.3.3 Test setup  

In the laboratory a test setup is built to test the different specimens. The four columns 

are given the letters A till D. An illustration of the test setup is shown in Figure 3-13. A 

base frame is placed below the test specimen and a top frame is placed on top of the 

specimen. These two frames are connected by a Dywidag bar which provides the load 

transfer from the hydraulic jack to the top frame, which introduces the load into the 

specimen. Figure 3-14 shows the top frame, which consist of four 1500mm long HEB300 

beams. They are mounted in an H-shape to provide the load introduction to the test 

specimen. In the centre a plate is mounted where the Dywidag bar introduces the load. 

The test specimen is built up on a frame which is used to provide a support for the 

Fexp,tot 

Fexp,hor 

Figure 3-10: Test case 1a 

Fexp,tot 

Figure 3-11: Test case 1b 

Fexp,tot 

Figure 3-12: Test case 2 
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specimen and to make a base for the hydraulic jack to provide the load. In the centre of 

this frame, two 900mm long beams are placed. The hydraulic jack is attached to this frame 

by a 40mm thick steel plate. At the base of the test specimen 4 load cells are placed under 

the columns. The values of these load cells combined is the total load introduced in the 

structure. This all can be seen in Figure 3-15.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3-13: Test setup 

Figure 3-14: Detail 1: force introduction Figure 3-15: Detail 2: test setup base 
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The frame at the top of the structure is assembled by bolts onto the bases of the scaffold 

jack, as can be seen in Figure 3-16. The rotation of the jack compared to the top frame is 

limited. However the rotation is the same as in practice because the beams are assembled 

similar as usually. The rotation in one direction is about 3° and in the opposite direction 

about 7,5°.  

At the bottom, the scaffold bases are disabled and a hinge is placed on the load cells. The 

jacks fit on top of these hinges as can be seen in Figure 3-17. The hinges are applied to 

minimize the friction and create a connection which can rotate freely. 

 

Figure 3-16: Connection at top of structure 

Figure 3-17: Hinge at the bottom of the structure 
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3.3.4 Measurements 

Before loading, the sway imperfection of the specimen is measured. Figure 3-18 shows the 

locations where these values are measured. For each column the distance to an 

independent plane is measured. This is done at 5 points over the height, and in two 

directions (x and y). Resulting in 40 measurements for each test.  

To measure the horizontal deformations during testing an independent steel frame is 

placed next to the test setup. δCt(x), δDt(x), δDt(y), and δAt(y) are the deformations during 

testing at the top of the structure. At mid height of the structure the horizontal 

deformations are also measured: δCm(x), δDm(x), δDm(y), and δAm(y). So at 8 places the 

horizontal deformations are measured during testing of the structure (Figure 3-20). The 

vertical deformation is measured at four places, at each column over the total height. 

δA(z), δB(z), δC(z), and δD(z) represent these measurements. During experiments for test 

case 2, the top deformations (δit(j)) are not measured because the structure is supported 

here. 

During testing, the forces applied to the structure are measured. Figure 3-19 shows the 

measurements. Every column is placed on top of a load cell which measures the force in 

the column. For test case 1a: (F_V+H), Fexp,h is also measured. For test case 2, the reaction 

forces Fexp,h1, Fexp,h2, and Fexp,h3 are also measured. 
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Figure 3-18: Initial imperfections measured 
before testing 

Figure 3-20: Deformations measured 
during testing 

Figure 3-19: Forces measured during 
testing 
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3.3.5 Test procedure 

According to the design code, the tested structure should be on a rigid surface, i.e. a 

concrete slab or steel frame. Therefore a steel frame is mounted to place the specimen. 

The mounting of the test specimen itself is done as much as it is done in practice. The 

scaffold jacks can be adjusted in height, and therefore the structure is horizontal and 

vertical levelled at the bottom and top in both x and y direction. The connections are 

fastened with a hammer. Luu (2015)[10] determined the significance of fastening by a 

hammer to the strength of the connection. There is no difference in strength of the 

connection by the way of fastening it. After the build-up of the test specimen, the top 

frame is placed with the use of a crane. This top frame is then connected by the Dywidag 

bar to the hydraulic jack.  

A timber plate is attached to the top frame to measure the imperfections by use of a string 

with a lead attached to it (see paragraph 3.3.4). After this measurement the structure is 

loaded with a preload of 80kN to ensure the settlement of the different scaffold elements. 

The specimen is unloaded and the imperfections are measured again. When all these 

measurements are done, the main tests can be conducted. The load Fexp,tot is applied onto 

the structure at a continuous speed of 10kN per minute. This load is applied by the 

hydraulic jack located at the bottom of the setup. The load is applied at the top of the 

structure by the top frame. 

3.3.6 Overview of tests 

The tests which are conducted are summarised in Table 3.1. Test 1 is a basic test, this 

test is done to ensure all measurements and the test setup are correct. Test 2 has the 

same setup but has round hinges at the bottom of the columns, so are all upcoming tests. 

Tests 3 and 4 are repetition tests of test 2. These are the basic variant, so configuration 1 

(U_6200) and Test case 1b: (F_V), as described in the previous paragraphs. All other tests 

are variants of the basic test, either in test case or in configuration. Test 5 has also the 

basic configuration (U_6200), but is supported at the top (S_V). Test 6 is also supported 

at the top (S_V) but has additional diagonals between the scaffold jacks (B_6200). This 

specimen will most likely fail on buckling of a middle piece. Test 7 has configuration 1 

(U_6200) and Test case 1a: (F_V+H), so with a horizontal and vertical force. Test 8 has 

configuration 2, so with bracing between the jacks (B_6200), and Test case 1b: (F_V). Test 

    

Test Number Date of test Test configuration Test case 

Test 1 05-12-2016 Test specimen 1.1 (U_6200) Test case 1b (F_V) 

Test 2 16-12-2016 Test specimen 1.2 (U_6200) Test case 1b (F_V) 

Test 3 21-12-2016 Test specimen 1.3 (U_6200) Test case 1b (F_V) 

Test 4 05-01-2017 Test specimen 1.4 (U_6200) Test case 1b (F_V) 

Test 5 18-01-2017 Test specimen 1.5 (U_6200) Test case 2 (S_V) 

Test 6 14-02-2017 Test specimen 2.1 (B_6200) Test case 2 (S_V) 

Test 7 17-02-2017 Test specimen 1.6 (U_6200) Test case 1a: (F_V+H) 

Test 8 21-02-2017 Test specimen 2.2 (B_6200) Test case 1b (F_V) 

Test 9 24-02-2017 Test specimen 3.1 (U_5700) Test case 1b (F_V) 

Test 10 02-03-2017 Test specimen 2.3 (B_6200) Test case 1a: (F_V+H) 

Test 11 06-03-2017 Test specimen 4.1 (U_4600) Test case 1b (F_V) 

Tensile test 1 15-12-2016 Test specimen T1 – T6 Tensile test 

Tensile test 2 17-01-2017 Test specimen T7 – T10 Tensile test 

Table 3.1: Overview of tests 
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9 and test 11 have Test case 1b: (F_V), so a centrally applied vertical load, and both have 

a different configuration. Test 10 has test specimen 2, with additional diagonals, and is 

tested with Test case 1a: (F_V+H). These tests cover all the different configurations and 

different test cases. The eleven performed tests are summed up in Table 3.2. As can be 

seen, the configurations which differ in height are performed only in the freestanding test 

setup.  

Table 3.2: Performed tests 

 Unbraced 6200 Braced 6200 Unbraced 5700 Unbraced 4600 

Freestanding 4 1 1 1 

Supported 1 1   

Freestanding 
Horizontal loading 

1 1   

  



Technische Universiteit Eindhoven University of Technology 

 

Buckling behaviour of a stacked Poly falsework system   | 35  

3.3.7 Test results of full scale tests 

3.3.7.1 Test 1 

Test setup and measurements 

The first test is conducted with configuration 1 (U_6200) and has test case 1b: (F_V). So 

this is a 6200mm high scaffold tower without a horizontal restraint at the top 

(freestanding). The test specimen and test setup is shown in Figure 3-22.  

The horizontal deformations are measured once for each axis, assuming that the 

elongation of the ledgers is negligible compared to the tower deformations. For each 

column the shortening over the complete height is measured. From these measurements, 

different force deformation graphs can be made. This is done for each column, as can be 

seen in appendix F. 

Failure load 

All deformations are plotted with the forces of the same columns. The forces in the four 

columns are slightly different but all in the same range. The total failure load of the 

structure is Fexp,tot = 264,1kN (on average 66,0kN per column), where the highest load on 

one column is Fexp,A = 70,6kN. The other loads are Fexp,B = 60,3kN, Fexp,C = 67,9kN, Fexp,D = 

65,4kN. 

Load displacement diagrams 

Figure 3-21 shows the load displacement diagram of column D of test 1. Horizontally the 

deformation is shown, vertically the force in column D. The largest deformation measured 

at failure is δDm(y) = 120mm (at mid height). As expected the sensors at mid height and at 

the top show similar behaviour. The complete tower is rotating caused by failure of the 

bottom jacks.  

Imperfections 

The failure mode of the structure can be predicted by the imperfections measured before 

loading. As can be seen in appendix A, column A has a slight imperfection in the positive 

x-direction. The structure also deforms in the positive x-direction at mid height. At the 
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Figure 3-21: Load displacement diagram Test 1 column D 
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top, the structure does not deform a lot during the first phase of the test. Column B has a 

relative large imperfection in the negative x-direction. During the test, the behaviour is 

similar to column C. Column C has a minor imperfection in both directions and deforms 

very little during the first test phase. Until a loading of 50 kN the column deforms 

practically zero. Column D has a rather small imperfection, the top jack is slightly offset 

compared to the rest of the column. This results in a behaviour where the structure almost 

does not deform in the loading phase until approximately 50kN. 

Failure mode 

At the beginning of the test (from 0 to 50kN) the structure has only minor deformations. 

Columns A and D deform slightly in y-direction. From 50 to 60 kN all columns deform 

about 20mm in different directions, rotation of the top frame occurs. At a load of 

approximately 60kN per column the deformation increases and hereafter the structure 

stabilizes again. At a load of approximately 67kN the deformations increase and 

eventually the load decreases. At this point the jacks deform at the connection with the 

middle pieces, this can be clearly seen in Figure 3-23. The rest of the scaffold structure 

remains relatively undeformed. The test is stopped when the load decreased and 

deformations increase at the same time. 

3.3.7.2 Test 2 

Test setup and measurements 

The second test is a repetition test of test 1, so the specimen is configuration 1 (U_6200) 

and Test case 1b: (F_V). The test specimen and setup are shown in Figure 3-25, similar to 

test 1. The difference compared to test 1 is the base connection. For test 2 round hinges 

are used at the bottom. (Figure 3-17) From this point forward, these hinges are used for 

all tests.  

Figure 3-22: Test specimen of test 1 Figure 3-23: Deformed test specimen of test 1 
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The deformations and forces measured during testing are the same as in test 1 (Figure 

3-20). Again at 8 locations the deformations in horizontal direction are measured. As well 

as the shortening of each column.  

Failure load 

During test 2 the forces in the four columns increase simultaneously, similar to test 1. 

The total failure load of the structure is Fexp,tot = 234,7kN (on average 58,7kN per column), 

where the highest load on one column is Fexp,A = 63,0kN. The other loads are Fexp,B = 

53,1kN, Fexp,C = 60,3kN, Fexp,D = 58,3kN. 

Load displacement diagrams 

The load displacement diagram of column A is shown in Figure 3-24. The other load 

displacement diagrams are shown in appendix F. From the data it follows that in the first 

10kN of loading the top of the structure deforms. After this deformation of approximately 

5mm, the structure has a stable behaviour. During loading until 50kN the structure 

deforms more compared to test 1. This holds especially for column A and C, so column B 

and D deform approximately 5mm while column A and C deform about 12mm at the top 

at 40kN. Also, column A is the one column where notable behaviour occurs. The top of the 

column first displaces about 10mm at a load of 45kN whereafter the displacement moves 

in the opposite direction. At failure the column is displaced about 15mm. 

Imperfections 

The imperfections of test 2 are shown in appendix E, Figure E.1. The top has an offset in 

negative direction, which is also the direction of the deformation. And at mid height there 

is a little bow imperfection visible in this figure. From the graphs in appendix F it follows 

that the structure takes a deformation in the same direction as the imperfection until a 

load of approximately 50kN. Whereafter the structure deforms into the failure mode. For 

example, when looking at column A at a load of 48kN the top of the column stops moving 

in negative direction and at about 50kN the deformation is in opposite direction. It is 

expected that two adjacent columns move in the same direction at failure. 
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Figure 3-24: Load displacement diagram Test 2 Column A 
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Failure mode 

The failure mode of the structure is slightly different compared to test 1. The specimen 

does rotate, but not as clear as the structure does in test 1. Column C and D have the 

largest deformation and column A and B have only a minor displacement. The failure is 

a combination of (major) failure in the bottom jacks and (minor) failure in the top jacks 

simultaneously, as can be seen in Figure 3-26. 

As can be seen from the graph in Figure F.5 in appendix F, column A shows a rather 

peculiar deformation pattern. The top of the structure moves in negative direction while 

the middle moves in positive direction. However the deformation at the top is only 10mm. 

When the columns are loaded with approximately 40kN all columns deform and at a load 

of about 50kN per column the deformation increases whereafter the load can increase 

again. This looks similar to the failure of test 1, however the structure deforms slightly 

different. So the main difference compared with test 1 is the failure behaviour, which 

partly can be explained by the imperfections before loading. Also the hinges at the base 

are different from test 1 but they have a minor influence. 

3.3.7.3 Test 3  

Test setup & measurements 

This test is a repetition test of test 2. The specimen is configuration 1 (U_6200) and Test 

case 1b: (F_V), are shown in Figure 3-11. The forces measured during this test are also 

the same as for test 1, so FExp,A, FExp,B, FExp,C and, FExp,D, are measured during testing. As 

well all the deformations previously mentioned are measured. 

Figure 3-25: Test specimen of test 2 Figure 3-26: Deformed specimen of test 2 
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Failure load 

For tests 3 the forces in the four columns increase in the same range. The total failure 

load of the structure is Fexp,tot = 257,4kN (on average 64,4kN per column), where the 

highest failure load is Fexp,A = 65,7kN. The other loads are Fexp,B = 63,5kN, Fexp,C = 65,1kN, 

Fexp,D = 63,2kN. 

Load displacement diagrams 

All graphs show the same behaviour of the structure. Which also can be seen in Figure 

3-27 where the displacement of column C is shown. The deformation is rather small 

(<5mm) during the loading from 0 to 40kN. From 40 till 50kN the structure goes towards 

the failure mechanism. It is clearly visible for δDt(y) and δCt(x). Both first move in one 

direction where at 62kN the structure moves in the opposite direction. Here the top 

rotates and causes the structure to fail. The largest deformation measured is δDm(y) = 

130mm, so at mid height 

Imperfections 

The imperfections are given in appendix E, figure E.1. These are measured before loading. 

It follows that column A has an imperfection in negative y direction. From the graphs in 

appendix F it follows that the column moves slightly in positive direction at the middle, 

and in negative direction at the top. Column B has a negative imperfection, and also 

moves in this direction during the test. Column C has a positive imperfection in y direction 

and a negative imperfection in x direction. Failure of the structure causes column C to 

move in the positive y direction, so similar to the imperfections. Column D has an 

imperfection in the positive y and x direction. The failure of the column causes the top of 

the column to move in negative and the middle in positive direction. This is the same 

shape as the imperfections have. 
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Figure 3-27: Load displacement diagram Test 3 Column C 
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Failure mode 

As can be seen in Figure 3-28 the structure fails at the top and bottom jacks 

simultaneously. The top frame only slightly rotates compared to the previous tests. 

Therefore the failure mode is different, and the failure load is slightly higher. 

3.3.7.4 Test 4 

Test setup and measurements 

Test 4 is the last repetition test, so has the same setup as the previous tests. The specimen 

is configuration 1 (U_6200) and Test case 1b: (F_V). The forces measured during testing 

are FExp,A, FExp,B, FExp,C and, FExp,D, and so are all the deformations as given in Figure 3-20. 

Failure load 

The total load of test 4 is Fexp,tot = 238,7kN (59,7 on average), where the highest failure 

load is Fexp,D = 61,6kN. The other loads are Fexp,A = 56,9kN, Fexp,B = 61,2kN, Fexp,C = 59,2kN.  

Load displacement diagrams 

The deformation of the structure during the first phase of loading increases continuously 

until around 5mm for each column. For column C (Figure 3-30) and D it shows that an 

increase of deformation occurs at 46 and 48kN. At this point the structure goes into its 

failure mode. Figure 3-31 shows the deformation of column C, and Figure 3-32 shows the 

bottom jacks’ rotation during failure of the structure.  

Imperfections 

When looking at the imperfections, column D has almost no geometrical imperfection. 

Column A has an imperfection in negative y direction and positive x direction. The y 

direction is also the direction of the failure. Columns B and C have a small imperfection 

in opposite direction. 

Figure 3-28: Test specimen of test 3 Figure 3-29: Deformed specimen of test 3 
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Failure mode 

The failure of this test is caused by the rotation of the bottom jacks, as can be seen in 

Figure 3-31 and Figure 3-32. The top jacks only show a minor deformation. The failure of 

columns B and C is in negative y direction, opposite to the imperfections before loading.   

3.3.7.5 Test 5 

Test setup and measurements 

Test five has a different test setup as the previous tests. The test specimen is configuration 

1 and test case 2 is used. The structure has a height of 6200mm and is supported at the 

top (U_S_6200). 

The measurements differ from the previous tests. Because the structure is supported, the 

horizontal forces at the top, Fexp:h1, Fexp:h2 and, Fexp:h3 are measured instead of the 

deformations at the top (Figure 3-19 and Figure 3-20). The deformations at the top are 

assumed to be (almost) equal to zero. 
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Figure 3-30: Load displacement diagram test 4 column C 

Figure 3-31: Deformed structure of test 4 Figure 3-32: Deformed structure of test 4 
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Failure loads 

The forces in all four columns increase simultaneously. The total failure load of the 

structure is Fexp,tot = 283,5kN (on average 70,9kN per column), where the highest failure 

load is Fexp,B = Fexp,D =  72,7kN. The other loads are Fexp,A = 69,1kN, Fexp,C = 68,6kN. 

Load displacement diagrams 

As described before, the displacement is only measured at mid height of the structure. 

The deformation curve of column A is shown in Figure 3-34, the other columns show 

similar behaviour. The structure shows only minor deformations during the first phase of 

the test, until a load of approximately 60kN in each column. The displacement increases 

until the structure fails. 

Imperfections 

The failure mode can be predicted by the imperfections measured before loading. These 

imperfections can be found in appendix E, Figure E.2 for test 5. For this test the 

imperfections in y direction are for column A, B, and C a bow imperfection which leans 

towards the positive direction. Column D shows an imperfection in the opposite direction. 

The imperfections in x directions are both in positive and negative direction. This all 

causes the structure to tilt towards the positive y direction. 

Failure mode 

Because the top frame is not able to move, rotation of the tower does not occur. All four 

columns move in the same direction, namely positive y direction (70mm) and slightly in 

the positive x direction (25mm). So the buckling mode is a global buckling shape over the 

full height of the tower.  
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Figure 3-33: Load displacement diagram test 5 column A 
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3.3.7.6 Test 6 

Test setup and measurements 

Test six has a different test setup as the previous tests. The test specimen is configuration 

2 and test case 2 is used. The structure has a height of 6200mm and is supported at the 

top, bracing is added between the jacks at the top and bottom (B_S_6200). 

Because of the test case, the measurements differ from the previous tests. The horizontal 

deformation is measured at mid height (δCm(x), δDm(x), δDm(y), and δAm(y)) and the vertical 

deformation is measured for each column (δA(z), δB(z), δC(z), and δD(z)). At the top the structure 

is supported at 4 points. At three of these points the reaction force is measured (Fexp,h1, 

Fexp,h2, and Fexp,h3). The deformations at the top are assumed to be (almost) equal to zero. 

Failure load  

The force increases equally during the test, where in the end column C buckles at a load 

of 242,4kN. The total failure load of the structure is Fexp,tot = 940,3kN (on average 235,1kN 

per column), where the highest failure load is Fexp,C =  242,4kN. The other loads are Fexp,A 

= 227,2kN, Fexp,B = 234,7kN, and Fexp,D = 234,7kN.  

Load displacement diagrams 

Looking at column A (Figure 3-35) the structure only shows minor deformations until 

approximately 50kN up to 3mm, while for previous tests this could be up to 10mm. This 

is as a result of the high stiffness of the tower. After this deformation, the force still 

increases a lot, with a rather small deformation. Where at Fexp;i = 210kN the deformation 

increases substantially. Hereafter the structure deforms a few millimetre and the column 

buckles. 

Figure 3-34: Deformed structure of test 5 
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Imperfections 

The geometrical imperfections of the columns before this test are of the same degree as 

for the previous tests, as shown in appendix E, Figure E.2. The columns have a bow 

shaped imperfection of about 10mm. Column A and B both have an imperfection in 

negative y direction, while column C and D have a minor imperfection in the positive y 

direction. In x direction, column B and C have a negative imperfection while column A 

and D have an imperfection in the positive x direction. 
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Figure 3-35: Load displacement diagram test 6 column A 

Figure 3-36: Deformed structure of test 6 
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Failure mode 

The bottom jacks do not rotate as much as seen in previous tests. This is because of the 

bracing between the jacks and the horizontal restraint at the top of the structure. The 

structure fails in local buckling of a middle piece, in this test in column C. The failure of 

the middle piece occurs simultaneously with failure of the bottom diagonal and bottom 

support of column C, as can be seen in Figure 3-36. 

3.3.7.7 Test 7 

Test setup and measurements 

The specimen of test 7 is subjected to a horizontal and a vertical load, test case 1a. The 

horizontal load is applied as described in paragraph 3.3.5.  The specimen is a 6200mm 

high scaffold frame, unbraced between the jacks as can be seen in Figure 3-37 

(U_F_6200_V+H). 

The horizontal deformation is measured for each axis at mid height and at the top of the 

specimen (δCm(x), δDm(x), δDm(y), and δAm(y) and δCt(x), δDt(x), δDt(y), and δAt(y)). The vertical 

deformation is measured near each column over the full height of the structure (δA(z), δB(z), 

δC(z), and δD(z)). Additionally to the forces measured in the other tests, the horizontal force 

which is applied to the structure is also measured (Fexp,h).  

Failure load 

The failure load is not only the vertical load on the structure, but it is in combination with 

a horizontal load. The total failure load of the structure is Fexp,tot = 209,6kN (on average 

52,4kN per column), where the highest failure load is Fexp,C =  57,7kN. The other loads 

are, Fexp,A = 50,2kN, Fexp,B = 46,6kN, and Fexp,D = 55,1kN. These loads are in combination 

with a total horizontal load of Fexp,h = 2,24kN. The load in columns C and D are higher 

than the load in columns A and B, this due to the horizontal load acting on the structure. 

This horizontal load is applied in steps, with a magnitude of about 1% of the total vertical 

Figure 3-37: Test setup of test 7 
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load. Figure 3-38 shows the total vertical load plotted versus the horizontal load, where 

the dashed line displays the 1% ratio between the two loads.  

Load displacement diagrams 

Figure 3-39 shows the load displacement diagram of column A during this test. The 

vertical load is applied gradually over time while the horizontal load is applied in steps. 

The two graphs clearly show a relationship between the horizontal load and the 

deformation at the top of the structure. When these graphs are combined with the graphs 

from appendix B, it can be seen that the structure deforms mostly in negative x direction. 

This is coherent because the load is applied in negative x direction. The load in columns 

A and B are rather low compared to those in the other two columns (C, D). A higher force 

acts on these two columns. 
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Figure 3-38: Horizontal vs vertical load test 7 

Figure 3-39: Load displacement diagram test 7 column A 
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Failure mode 

The main influence which causes the structure to fail is certainly the horizontal force. 

This force causes the structure to tilt or fall over into the positive x direction. As described,  

the vertical force in column C and D is almost 60kN while the force in column A and B is 

nearly 50kN. It can be stated that the tower cannot rotate when a horizontal force is 

applied, because this force causes the tower to move in one direction. The tower does not 

buckle either, but the total tower is tilting over in one direction.  

3.3.7.8 Test 8 

Test setup and measurements 

This test specimen is configuration 2, so a scaffold frame of 6200mm with additional 

bracing between the scaffold jacks. The test case is 1b: (U_V) so a vertical load is centrally 

applied to the structure.  

Failure load  

As can be seen in the graphs, the forces in the four columns increase simultaneously. The 

total failure load of the structure is Fexp,tot = 793,9kN (on average 198,5kN per column), 

where the highest failure load is Fexp,D =  202,0kN. The other loads are Fexp,A = 194,1kN, 

Fexp,B = 198,0kN, and Fexp,C = 200,0kN.  

Load displacement diagrams 

Figure 3-40 shows the load displacement diagram of column D. in the first phase of the 

test the displacement is relatively small. Hereafter the load and displacement increase 

simultaneously. At failure all columns have a deformation of about 50mm. This is 

compared to the other tests a high value. 

Failure mode 

The structure is rotating slightly, as can be seen in Figure 3-41, before local buckling 

occurs in the middle piece. Simultaneously with buckling of the middle piece in column C 

(Figure 3-42) the diagonal between the jacks elongates and fails. The structure buckles at 
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Figure 3-40: Load displacement diagram test 8 column D 
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a load of Fexp;C = 200kN in column C. Also the hinged connections at the base of the 

structure do not provide the necessary support, the jacks slip off the hinges. 

 

3.3.7.9 Test 9 

Test setup and measurements 

This test is conducted with configuration 3 and the test case is 1b: a centrally vertical 

force is applied and the tower itself is freestanding at the top (U_F_5700_V).  

Failure load 

The total vertical force on the structure at failure is Fexp;tot = 423,6kN, this is 105,9kN on 

average. The highest load on one column is Fexp;D = 106,9kN. The other loads are Fexp,A = 

106,2kN, Fexp,B = 106,3kN, Fexp,C = 104,3kN, so all values are close to each other. 

Load displacement diagrams 

Looking at the graph in Figure 3-44 the deformation of column A is rather small at a load 

from 0 to 80kN. At 80kN the forces in the structure rearrange and therefore the 

deformation increases whereafter the load can further increase. At this point the 

deformation in column A increases by 14mm with an increase of 19kN. This effect is also 

visible in column C, were the deformation increases by 8mm with a force increase of 6kN. 

After this stabilisation the force can further increase.  

Imperfections 

The geometrical imperfections of the columns before this test are of the same degree as 

for the previous tests. In appendix E, Figure E.3 the columns have a bow shaped 

imperfection between 10 and 20mm. Column D has the largest imperfection, a total bow 

imperfection of 24mm.  

Figure 3-41: Deformation of test 8 before failure Figure 3-42: Failure of test 8 
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Failure mode 

Failure of the structure is in the same buckling mode as seen previously. The whole 

structure rotates about its central axis. The structure now fails mostly at the top jacks, 

instead as seen earlier at the bottom jacks (Figure 3-43). The effect is actually the same. 

Looking at the graphs in appendix F, Figures F.34 to F.37, the force in the columns 

decreases rather fast after the point of 320kN. The load does increase till a failure load of 

423,6kN. 
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Figure 3-43: Deformed structure of test 9 

Figure 3-44: Load displacement diagram test 9 column A 
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3.3.7.10 Test 10 

Test setup and measurements  

This test concerns test case 1a: a centrally applied vertical force acts on the structure in 

combination with a horizontal force acting on the top of the structure. The test procedure 

is the same as for test 7, so the horizontal force is applied by a weight. The test specimen 

is configuration 2, so a 6200mm high tower with additional bracing at the top and bottom 

jacks as shown in Figure 3-45 (B_F_6200_V+H).  

Figure 3-45: Test setup of test 10, including 
horizontal load 
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Figure 3-46: Horizontal vs vertical load test 10 
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Failure load 

The failure load is not only the vertical load on the structure, but it is in combination with 

a horizontal load. The total failure load of the structure is Fexp,tot = 264,2kN (on average 

66,1kN per column), where the highest failure load is Fexp,C =  71,0kN. The other loads are 

Fexp,A = 59,6kN, Fexp,B = 63,2kN, and Fexp,D = 70,5kN. These loads are in combination with 

a total horizontal load of Fexp,h = 2,71kN. This horizontal load is applied in steps, with a 

magnitude of about 1% of the total vertical load. Figure 3-46 shows this horizontal load 

plotted versus the total vertical load, where the dashed line displays the 1% ratio between 

the forces. 

Load displacement diagrams 

The deformation of column C is shown in Figure 3-47. At first column C displaces in 

positive x direction, where after the horizontal load is introduced. At this point the 

structure moves in negative x direction. As can be seen in the graph, the structure moves 

in positive x direction due to the vertical loading, and in negative x direction due to the 

horizontal loading. Overall the displacement of the structure alters in the negative x 

direction. This is because the horizontal load has a major impact on the stability of the 

structure. 

Imperfections 

The imperfections of the structure do not have a major influence on the behaviour of the 

structure. Nevertheless there is some minor influence. The imperfections of column A and 

B are rather small. Column C has a bow imperfection of 17mm in positive x direction. This 

can also be seen at the graph in Figure 3-47 where the structure moves in this direction 

before it is loaded horizontally. 

Failure mode 

As can be seen in the graphs, the deformations of the structure are mostly caused by the 

horizontal force acting on the structure. Looking at the deformations in x direction this is 

clearly visible. This tower is stiffer than the tower from test 7 but the failure mode is 

tilting of the tower, therefore the stiffness of the tower has only a minor influence. 
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Figure 3-47: Load displacement diagrams test 10 column C 
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3.3.7.11 Test 11 

Test setup and measurements 

Test 11 concerns test case 1b: a centrally applied vertical force acts on the unsupported 

structure. The structure is configuration 4, so a 4600mm high tower with the top and 

bottom jacks having a height of 300mm. So the jacks are in the middle pieces for 1100mm, 

which provides more stiffness to these middle pieces (U_F_4600_V). 

Failure load 

The total vertical force on the structure at failure is Fexp;tot = 814,6kN, this is 203,6kN per 

column on average. The highest load on one column is Fexp;C = 208,2kN. The other loads 

are Fexp,A = 200,0kN, Fexp,B = 202,0kN, Fexp,D = 204,4kN. When column C and B have a force 

of respectively 202,0 and 208,2kN the two middle pieces buckle simultaneously. 

Load displacement diagrams 

Column A and C have a deformation of δAt(y) = -8mm, δAm(y) = -6,5mm, δCt(x) = 7mm, δCm(x) = 

2mm at a force of 50kN, these are minor deformations. Column D does not deform at all 

until a load of Fexp,D = 70kN. When looking at the graphs in Figure 3-48 and Figure 3-49, 

a different behaviour is observed for the columns C and D. Column C deforms basically 

from the beginning of loading while column D does not deform until a loading of 

approximately 80kN. When the structure is loaded with Fexp,tot = 380kN the deformation 

increases and the structure rotates slightly about its central axis. The structure 

rearranges itself and the force can further increase. This until the failure load when the 

structure buckles. 

Imperfections 

The imperfections of the structure in test 11 are rather large, the largest bow  

imperfection, in column B is 33mm. This has an influence on the buckling behaviour of 

the structure.  
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Figure 3-48: Load displacement diagram test 11 column C 
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Failure mode 

Figure 3-50 and Figure 3-51 both show the buckling of the columns B and C. Both columns 

buckle just above mid height of the middle piece, this is where the jacks are placed 

(100mm above middle). Also the top diagonal in this plane (B-C) fails due to buckling. The 

connection between the bottom ledger and middle piece also fails. And the hinges at the 

bottom do not give sufficient horizontal support to the jacks. 
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Figure 3-49: Load displacement diagram test 11 column D 

Figure 3-50: Failure of test 11 

Figure 3-51: Failure of test 11 
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3.3.8 Conclusions 

Looking at the first four experiments, it can be concluded that the influence of adding 

round hinges to the bases has a negative influence on the buckling load i.e. the stiffness 

of the base connection is larger when base plates are used. 

Looking at test 3 on one hand and test 4 on the other hand, it can be stated that the first 

two buckling modes of this configuration are close together. 

When a horizontal force is added to the structure, the structure becomes unstable and the 

failure load decreases compared to the other test cases. This test result does not contribute 

to the research goal. The effect of the horizontal load will be interesting when looking at 

a structure with multiple columns, or a larger base or smaller height.  

The ultimate loads of the tests are summarised in Table 3.3. As expected, the higher the 

structure the lower the buckling load. Also, when the specimen is braced the failure load 

is higher, as shown by tests T6 and T8.  

Table 3.3: Failure loads of full scale tests 

Test 

Configuration 
and test setup* 

Buckling load (kN) 

A B C D Fv Total Average 

1 U_F_6200_V 70,6 60,3 67,9 65,4  264,1 66,0 

2 U_F_6200_V 63,0 53,1 60,3 58,3  234,7 58,7 

3 U_F_6200_V 65,7 63,5 65,1 63,2  257,4 64,4 

4 U_F_6200_V 56,9 61,2 59,2 61,6  238,7 59,7 

5 U_S_6200_V 69,1 72,7 68,6 72,7  283,5 70,9 

6 B_S_6200_V 227,2 234,7 242,4 234,7  940,3 235,1 

7 U_F_6200_V+H 50,2 46,6 57,7 55,1 2,24 209,6 52,4 

8 B_F_6200_V 194,1 198,0 200,0 202,0  793,9 198,5 

9 U_F_5700_V 106,2 106,3 104,3 106,9  423,6 105,9 

10 B_F_6200_V+H 59,6 63,2 71,0 70,5 2,71 264,2 66,1 

11 U_F_4600_V 200,0 202,0 208,2 204,4  814,6 203,6 

*   The structure is: 
Braced (B) or unbraced (U)  
Supported (S) or freestanding (F) 
Height in mm 
Vertical loaded (V) or vertical and horizontal loaded (V+H) 
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4. Numerical research 
This chapter describes the finite element model which is made to simulate the full scale load bearing 

tower tests. The laboratory tests are simulated in Abaqus/CAE 6.14 to validate the FEM model.  

4.1 Motivation and objective  

The model is used to determine the ultimate load of a stacked Poly falsework structure. 

Once the finite element model is validated, it is easy to adapt the geometry and create 

other configurations which are not included in the experimental program. Two models are 

made to determine this ultimate load, a series of models similar to the laboratory 

experiments is made, and a series of models following the regulations (Eurocode) with 

nominal material and cross sectional properties. The latter series of models is to 

determine the characteristic value of the ultimate load.  

4.2 Simplifications 

It is tried to model the test specimen of the laboratory tests as accurately as possible, 

however there are some simplifications: 

- Only the test specimen is modelled, not the test setup; 

- The test setup is assumed to be infinite stiff, so constant boundary conditions are 

used; 

- The self-weight of the specimen is neglected; 

- Cross sectional dimensions are approximated as explained later on.  

4.3 Pre-processing 

The first step in the finite element analyses, the preparation of all components for the 

calculation’s input is described in this paragraph.  

4.3.1 Geometry and boundary conditions  

4.3.1.1 Configurations 

Different configurations are used in the laboratory tests. An overview of these 

configurations is given in this paragraph. Four middle pieces are connected to each other 

in a square with 1200mm ledgers. All configurations are stacked systems, so two storeys 

with a jack at the top and bottom. The jacks can have a length of 300 to 1100mm, so the 

tower height varies from 4600 to 6200. Additional bracing is optional and placed between 

the top and bottom  jacks to increase the bearing capacity. As shown in Figure 4-1 and 

Figure 4-2, this is indicated with a capital B (braced) or a U (unbraced). At the top of the 

tower, a horizontal support is indicated with an S. Or the tower is freestanding indicated 

by an F. The configurations are labelled as shown in Figure 4-1. 

 B_F_6200_LAB_III 

Imperfection model (I, II, III, IV, LAB, 

LAB+½bow, LAB+bow) 

Material and cross section properties                

(LAB) or (NOMINAL) 

6200mm high tower (varies from 4600 to 6200) 

Freestanding (F) or Supported (S) tower  

Braced (B) or Unbraced (U) tower 

Figure 4-1: Indication of configuration 
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4.3.1.2 Cross sections 

As known, the specimen is built up from different parts: jacks, middle pieces, ledgers and 

diagonals. For the numerical model these four cross sections are used. Because of the fact 

the elements used are beam elements, the cross sections given to the parts are circular or 

square hollow sections. These sections have the same cross sectional properties as the 

original sections. The cross sectional properties are shown in Table 4.1. 

Section I (mm4) A (mm2) 

Jack Nominal 233232 707,0 

Jack Measured 391467 998,7 

Middle piece Nominal 527829 639,0 

Middle piece Measured 529375 637,2 

Overlap section Nominal 761061 639,0 

Overlap section Measured 920842 637,2 

Poly ledger 115856 453,4 

 (adjustable) Poly diagonal 65651 330,9 
Table 4.1: Sections input 

For the numerical simulations two sets of cross sectional properties are used, namely the 

nominal values and the measured values form the experiments. The nominal values are 

used for the analyses which will determine the final buckling load, where the set with the 

measured values is used to validate the model against the experiments. The nominal 

Supported (S) or 

Freestanding (F)  

H
e
ig

h
t 

(4
6
0
0
 -

 6
2
0
0
) 

Braced (B) or 

Unbraced (U) 

Figure 4-2: Indication of  configuration 
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values are taken from the manufacturing data, while the measured values are measured 

before testing of the specimens. The cross sectional properties are indicated in Figure 4-1 

with either LAB or NOMINAL.  

The differences between the nominal and measured values are the largest for the jacks, 

as shown in Figure 4-3. The middle pieces used have a slight offset compared to the 

nominal values, as can be seen in Table 4.1 (nominal cross section in Figure 4-4). The 

overlap part consists of a jack combined with a middle piece, as shown in Figure 4-4. The 

Poly ledgers and Poly diagonals are circular hollow sections with a diameter of 48,3mm 

and 42,4mm respectively. The adjustable Poly diagonal consist of two different sections 

which establish the elongation of the part. For the input the weakest cross section is used 

for the whole element. 

4.3.1.3 Supports 

Different literature [7, 9] reports research on the stiffness of base supports. Despite a 

slight moment capacity is present in the support between the baseplate and floor, a hinged 

schematization is considered not unreasonable and certainly conservative. Therefore, the 

bottom supports are schematized as hinged in two directions. Also, in the laboratory tests, 

the friction is as much reduced as possible with the use of round hinges instead of the 

original bases.  

Figure 4-4: Nominal sections of overlap (left) and section of middle piece (right) 

Figure 4-3: Section of jack, nominal (left) and measured (right) 
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At the top a horizontal support is made, this is schematized as a vertical roller hinge, so 

the connection can move freely in the y direction. The structure is supported in z and in x 

direction. At the top a rigid element is placed which is pinned connected to the top of the 

four columns. So the frame itself can rotate but is considered to have an infinite stiffness.  

4.3.1.4 Connections 

The system is built up with loose steel elements which are connected in different ways. 

The ledger and middle piece connection is realized with a wedge. This creates a relatively 

stiff connection in the rotational in plane direction. This stiffness is determined by 

previous research [15], and is applied here. The other two directions, out of plane and 

rotation around the axis are considered hinged.  

The diagonals are connected to the ledgers with pinned connections. These are considered 

hinged in all directions. Still they have a rotational capacity in out of plane direction, but 

this is considered of minor influence.  

The connection between the two middle pieces are considered as rigid connections. From 

previous research [7, 15] it can be concluded that the normal force in the column is of the 

size to cause the behaviour of the connection as a rigid connection in all directions, 

including rotation.  

The connection between the jack and middle piece can be schematized in two different 

ways. As shown in Figure 4-5, initially the cross section for the overlap is a cross section 

with combined properties (configuration 1). The moment of inertia is equal to the moment 

of inertia of the jack and middle piece combined. This because the bending moment in the 

element can be resisted by both cross sections. Axial forces go from the middle piece to the 

jack at the contact point, therefore the area of the cross section is equal to the area of the 

Figure 4-5: Connection between middle piece and jack, illustration, conf. 1 and conf. 2 

Configuration 1 Configuration 2 
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middle piece. As an alternative, the cross sections are not changed and both beams are on 

the same position in the model (configuration 2). At the bottom the nodes are connected 

in horizontal and vertical direction. At the top the coupling is only in horizontal direction. 

At both points the rotations are constraint as well, this because the curvature of both 

elements is the same. Simulations are done with both configurations and for structures 

with a large overlap length (4600 high towers) the failure meganism is different for the 

two configurations. As can be seen in Figure 4-6, the failure of the tested structure is 

above the overlap length in the bottom level of the structure. In the numerical simulations 

failure takes place in the top level, this is similar behaviour. When configuration 1 is used 

the failure takes place at the overlap area, while configuration 2 leads to a failure 

meganism comparable to the failure meganism in the test. The behaviour of configuration 

1 can be assigned to the fact that a more stiff element leads to more capacity. When a non-

linear analysis is done more internal forces would occur in this cross section and that 

leads to an early failure. So all analyses are done with the geometry of configuration 2.  

4.3.2 Elements 

To get an acceptable representation of the behaviour of the structure, 3D beam elements 

are used: 2 node cubic beam elements. Thus, each element  has three integration points 

which results in a more accurate solution. These elements use the Euler Bernoulli beam 

theory and therefore shear is not taken into account. After a mesh size study, the mesh 

size is determined at 100mm. 

 

  

Figure 4-6: Local failure of middle piece above overlap compared to two different configurations 

Configuration 1 Configuration 2 
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4.3.3 Materials 

The elements used are made from different materials. In the numerical model a 

distinction is made between three materials. One for the ledgers and diagonals, one for 

the scaffold jacks, and one material for the middle pieces. These are indicated by the 

materials: Steel235, SteelJA, and SteelMP.  

Small scale experiments were conducted to determine the material properties of the 

materials SteelJA and SteelMP, see chapter 3. The measured engineering stresses and 

strains from these tests are unfitting for a geometric non-linear analysis, because the 

strains and stresses are calculated over the original (not deformed) cross section. 

Therefore these measured engineering values are converted to true stress strain values 

according to equation 4.1 and 4.2. These formulas take into account the actual cross 

sectional dimensions. The stress-strain curves measured for tension of these two 

materials are used for both tension and compression in the numerical analysis. 

𝜎𝑡 = 𝜎𝑒  (1 + 𝜀𝑒)  

𝜀𝑡 = 𝑙𝑛 (1 + 𝜀𝑒)  

 In which: 

𝜎𝑡  True stress 
𝜎𝑒  Engineering stress 

𝜀𝑡  True strain  
𝜀𝑒  Engineering strain  

A distinction in different materials is made based on cross section and nominal or 

measured values, resulting in five materials used in the numerical model, as shown in 

Figure 4-7. So in the numerical analysis two material models are available: 
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Figure 4-7: Five materials used in Numerical analysis 
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NOMINAL:  All materials have a bi-linear stress strain diagram with the values 

given by the manufacturer. (SteelJA_NOM, SteelMP_NOM and 

Steel235) 

LAB:  The jack and middle piece materials have a stress strain diagram 

resulting from the tensile tests described in paragraph 3.2. 

(SteelJA_LAB, SteelMP_LAB and Steel235) 

 

4.3.4 Geometric imperfections 

4.3.4.1 Measured geometrical imperfections 

During the experiments in the laboratory, the geometrical imperfections of the total 

system are measured. So the misalignment of the structure over the height is determined. 

At five points over the height the misalignment is measured. This misalignment is also 

set on the numerical model. This imperfection model is called LAB, referring to the 

measured values. No bow imperfection is included in this imperfection model. When this 

imperfection model is applied to structures which fail in a local buckling mode, it is likely 

the structural components will not buckle due to their ‘perfect’ straightness. Therefore an 

additional imperfection model will be introduced. An additional bow imperfection is put 

on the structure on top of the measured misalignment. The size of this bow imperfection 

is based on the calculations of the NEN-EN 1993-1-1. The recommended value and half of 

the recommended value are both put on the structure to determine which is the most 

accurate. This all results in three imperfection models for simulating the laboratory tests: 

LAB: These are the measured imperfections shown in appendix 8.5 

LAB+ ½bow: The measured imperfections including half the bow imperfections 

shown in appendix 8.7 

LAB+bow: The measured imperfections including the bow imperfections 

shown in appendix 8.7 

 

4.3.4.2 Determined geometrical imperfections 

The geometrical imperfections are determined according to NEN-EN 1993-1-1 and 

additionally NEN-EN 12812. The NEN-EN 1993-1-1 states that an initial imperfection of 

a given bow and sway combination should be taken into account (I) or the first buckling 

mode shape (II) should be taken as an imperfection shape. The Dutch design code for 

Falsework, Performance requirements and general design (NEN-EN 12812) states that 

additional to the imperfection for steel structures, an imperfection for falsework should 

be added. Whether this additional imperfection is necessary to have a reasonable 

imperfection shape is doubtful, therefore the addition of this extra imperfection is taken 

as optional to model I and II. This all resulting in four imperfection models: 

I. Local bow and global sway; 

II. Imperfections according to buckling mode shape; 

III. Local bow and global sway combined with additional falsework 

imperfections; 

IV. Imperfections according to buckling mode shape combined with 

additional falsework imperfections. 
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I.  Local bow and global sway 

 

The geometric imperfections consist out of two parts, namely sway and bow imperfections. 

These imperfections combined give the value of the imperfections before loading. Figure 

4-8 shows the shape of the imperfection model on two columns [16]. The global sway is 

determined by equations 4.3 and 4.4:  

𝜑 = 𝜑0𝛼ℎ𝛼𝑚  

𝑒𝑠𝑤𝑎𝑦 = tan(𝜑) ∗ ℎ  

 In which: 

𝜑  Initial sway 
𝜑0  Basic value: 𝜑0 = 1/200 

𝛼ℎ  Reduction factor for the height h, applies to columns 

 𝛼ℎ =
2

√ℎ
     with       

2

3
≤ 𝛼ℎ ≤ 1,0 

𝛼𝑚  Reduction factor for the number of columns in one row 

𝛼𝑚 = √0,5 ∗ (1 +
1

𝑚
)  

𝑚  Number of coupled (loaded) columns  
ℎ  Height of the structure 
𝑒𝑠𝑤𝑎𝑦  Sway imperfection at the top 

  

(4.3) 

(4.4) 

Figure 4-8: Imperfection model I: Local bow and global 
sway 

          or 
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The bow imperfections are determined for four different sections over the height 

(symmetric, so resulting in two values): from bottom to ledger, ledger to middle, middle to 

ledger and ledger to top.  

Initial bow imperfections of members for flexural buckling can be described by the 

equation 4.5. These depend on the slenderness and the ratio between the moment and 

normal force capacity of the section.  

𝑒0 = 𝛼 ∗ (�̅� − 0,2) ∗
𝑀𝑐,𝑅𝑑

𝑁𝑐,𝑅𝑑
 

In which: 

𝛼   Imperfection factor depending on buckling curve 

�̅�  Relative slenderness 

𝑀𝑐,𝑅𝑑  Design value of the bending moment resistance of the section 

𝑁𝑐,𝑅𝑑  Design value of the compressive resistance of the section 

Because the bow imperfections can be in positive or in negative direction relative to the 

sway this imperfection set results in two imperfection shapes that can be put on the 

structure, see Figure 4-8 (left and right).  

Also the design code states that rotational effects should be taken into account. The tower 

can have a sway imperfection of two planes in the same direction, or in opposite direction 

(Figure 4-9).  

All these variations on imperfection model I give different solutions, the lowest buckling 

load is taken into account.   

II.  Imperfection regarding buckling analysis 

Also the imperfection model can be based on a linear buckling analysis. The first 

eigenmode should be put on the structure as an imperfection. The magnitude of this 

imperfection is calculated with formula 4.5.  

(4.5) 

Figure 4-9: Figure 5.5 from EN 1993-1-1: translational and rotational effects [15] 
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For these towers it is reasonable to not only look at the first buckling mode, but also 

consider the shape of the second buckling mode. Often the eigenvalues of the two first 

buckling modes are close together. For some configurations the third and fourth buckling 

modes are also considered. This is indicated with the mode number added to the roman 

number.  

III & IV. Additional falsework imperfections 

Additional to the imperfections based on the Eurocode, falsework imperfections are added. 

This because falsework systems are dismountable and therefore an extra tolerance is 

present at the connections. The falsework frame consists of individual components, 

therefore spigot eccentricities occur at the connection of these sections. This because of 

the existence of tolerances between the inner and outer diameter of the two sections. 

Figure 4-11 shows these imperfections. Because in this case the spigot angular 

imperfection always creates a larger imperfection than the eccentricity, the spigot angular 

imperfection is taken into account for all configurations as follows: 

tan 𝜑0 =
𝑑𝑖 − 𝑑𝑜

𝑙𝑜
 

In which: 

𝑑𝑖    Nominal inner diameter; 

𝑑𝑜  Nominal outer diameter; 

𝑙𝑜  Overlap length; 

𝜑0  Angle between the two components.  

Figure 4-10: Imperfection model II: Shape 
following buckling mode 1 

(example: first buckling mode of U_F_6200) 

(4.6) 
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Besides this angular spigot imperfection, an additional bow imperfection over the 

complete height of the structure should be applied. The value of the lateral displacement 

of this bow, in millimeters is determined by formula 4.7. 

𝑒 =
𝑙

250
∗ 𝑟 

In which: 

𝑒   lateral displacement of the bow 

𝑙  Nominal length of the compression member 

 𝑟  Reduction factor for number of props (columns) 

+           =           or 

Figure 4-12: Imperfection model III: Local bow and global sway with additional falsework 
imperfections 

Figure 4-11: Spigot imperfections and eccentricities [15] 

(4.7) 
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𝑟 = √0,5 +
1

𝑛𝑣
 

𝑛𝑣   Number of structural components supported side by side  

These two additional imperfections are added to the first imperfection model, creating 

imperfections model III, shown in Figure 4-12.  

Also additional to the imperfection model II, these falsework imperfections are added, 

resulting in imperfection model IV, as shown in Figure 4-13. The same number of 

imperfection models is used as for model II, so for multiple buckling shapes. This all 

results in a substantially number of imperfection models: 

I:  Local bow and global sway according to NEN-EN 1993-1-1. 

Variations are necessary because of the orientation of the 

imperfections, also translational and rotational effects are taken 

into account. The governing model is shown in the results.  

II-1: Imperfections based on the linear buckling analysis, the mode 

number is indicated by a number (1-4). 

III: Local bow and global sway according to NEN-EN 1993-1-1 in 

combination with additional falsework imperfections. 

IV-1: Imperfections based on the linear buckling analysis in combination 

with additional falsework imperfections. 

LAB: Misalignment imperfections measured in the laboratory.  

LAB+½bow: Misalignment imperfections measured in the laboratory with half 

the recommended local bow.  

LAB+bow: Misalignment imperfections measured in the laboratory with the 

recommended local bow.  

+           =  

Figure 4-13: Imperfection model IV: Shape following buckling mode 1 with 
additional falsework imperfections 

(example: first buckling mode of U_F_6200) 
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4.3.5 Load placement 

A concentrated force is applied to the structure, in the centre of the rigid element. Since 

the loading in the laboratory is centred to the hydraulic jack by a hinge, the load is also 

centred to this point in the numerical model. So when the structure deforms and the top 

frame moves in lateral direction the load is still pointing to the centre point of the jack 

instead of straight in y direction.  

A Riks method is used to apply the loading on the structure, this because it can solve for 

loads and displacements simultaneously.  

4.4 Validation  

Several nodal output variables like loads and displacements are saved and exported to 

Microsoft Excel to analyse the data to validate the model.  

In this paragraph the numerical model will be validated against the experimental results. 

The load displacement curves of the tests are compared with those of the numerical 

simulations. The displacement at half the tower height is taken.   

4.4.1 Unbraced Freestanding  

Three tests are done with this configuration with a height of 6200mm to check whether 

the behaviour and ultimate load of the tests is similar. A load displacement relation of 

these three tests are shown in Figure 4-15. Also the load displacement diagrams of the 

numerical models with all the different imperfection models are plotted. When looking at 

the numerical simulations, it can be seen that the stiffness of the model is accurate 

compared to the tests. The behaviour of the tower is also similar, the structure rotates 

around its central axis. The bottom jacks fail, where the deflection is largest at two of the 

columns, as can be seen in Figure 4-14.  

 

  Figure 4-14: Failure of U_F_6200 
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In Table 4.2 all the buckling loads of the tests are shown including the percentage 

compared to the test results. It is clear the measured imperfections (LAB) and these 

imperfections including bow are slightly higher than the test results.  

Table 4.2: Failure loads for unbraced freestanding structures 

 U_F 6200 5700 4600  

Imp I 279.9 113% 389 92% 703 86% 

Imp II-1 263.1 106% 396 93% 694.1 85% 

Imp II-2 263.8 106% 394.9 93% 693.2 85% 

Imp III 256.5 103% 371.3 88% 680.8 84% 

Imp IV-1  237.5 95% 366.4 86% 679.1 83% 

Imp IV-2 246.5 99% 342.3 81% 671.1 82% 

LAB 267.5 108% 400.7 95% 882.7 108% 

LAB+1/2bow 267.3 107% 390.7 92% 832 102% 

LAB+bow 266.9 107% 383.6 91% 729.6 90% 

Average Test value 248.7 100% 423.6 100% 814.6 100% 

 

The simulation with measured (LAB) imperfections gives a higher load than the test 

result. The influence of an extra bow imperfection on top of this measured imperfection is 

very minor (107% vs 108%). This makes sense because the failure is a global failure mode 

and local imperfections have lesser influence on this behaviour. When looking at the 

Figure 4-15: Unbraced Freestanding 6200 
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ultimate buckling load, imperfection model IV is the only one where the load is lower (95% 

on average) than the test results. However the behaviour is different than the tests 

(Figure 4-15), therefore this imperfection model is not representative. Imperfections 

model III is slightly higher with 103% of the total average load.  

Looking at the unbraced freestanding tower of 5700mm, all numerical results are lower 

than the experimental values; see Figure 4-16. However the trend of the numerical 

analysis is similar as for the 6200mm high towers. The measured imperfections give the 

highest buckling load. The influence of the bow on this imperfection is more notable than 

for the 6200 high tower. The buckling shape is comparable to the buckling mode of the 

6200 high tower. Because of the lesser height of the jacks, the local bow is of a higher 

influence. However, the LAB imperfection model gives the best result in this case.  

Looking at the graph in Figure 4-16, it shows that the model is accurate in terms of 

stiffness. Regarding the failure behaviour, it could be stated that imperfection model III 

would be the most accurate model. The behaviour is similar as the behaviour in the 

laboratory: the structure shows little deflection until the maximum load is achieved. At 

this point the structure fails rather fast, but not instantaneously. Imperfection model I 

shows this behaviour as well in a minor form. Because of the additional imperfections of 

model III compared to model I, this effect is enlarged. Looking at imperfection model II-1 

and II-2 the buckling load is essentially equal, this is notable because these two buckling 

modes are different. Imperfection model IV leads to the lowest buckling load, this is 

mostly due to the large sway. So model I is most accurate when looked at both behaviour 

and buckling load. 
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Figure 4-16: Unbraced Freestanding 5700 
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The lowest configuration is the configuration of 4600mm height; see Figure 4-17. The 

failure is buckling of the middle piece, so a local failure mode. As can be seen in Figure 

4-17 the stiffness of the test is rather high until a value of 400kN.  Settlement of the 

structure occurs and the load increases until failure at 814kN. When the measured 

imperfections (LAB) are taken as the imperfection model, the behaviour is similar to the 

test result. The imperfection model LAB+½bow gives the best result in this case, looking 

at the behaviour and ultimate load (102%), nevertheless it is controversial (above 100%). 

When the full bow is put on the structure the buckling load decreases even more. 

Imperfection model III gives a rather low buckling load (84%). This is because local failure 

of the middle piece is not sensitive to imperfections, but there should be an imperfection. 

The behaviour of the model with imperfection model III gives a good prediction on the 

behaviour of the structure.  

4.4.2 Unbraced Supported  

The unbraced supported 6200mm configuration has a failure load of 283.5kN. The most 

notable imperfection set in Figure 4-18 is imperfection model I. It looks like the structure 

is not deforming at all, but the deflection shape is a double sin shape where the deflection 

happens to be zero at mid height of the structure. Because the tower is supported at the 

top, this is an understandable failure mode. The LAB imperfection model gives a more 

accurate representation of reality. This is also the case for the LAB+½bow and LAB+bow 

imperfection models. The failure modes of these simulations are the same as the failure 

mode of the test, namely a half sin shape over the complete height of the structure. 

Imperfection model III has a buckling load of 100% of the experimental value. The 

behaviour is also similar as in the experiment. So it could be stated imperfection model 

III is the most accurate one for this configuration.  

Figure 4-17: Unbraced Freestanding 4600 
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4.4.3 Braced freestanding 

Additional to the unbraced structures, also braced structures are tested. The braced 

freestanding structure has a buckling load of 793.9kN; see Table 4.3 When the 

imperfection model LAB is used the buckling load is 142% of the test value. This is mostly 

due to the fact no bow imperfection is implemented in the structure and local failure 

occurs. When an additional half bow is put on the structure the load decreases to 111% 

and to 96% when the full bow is implemented. So this gives a rather accurate prediction 

of failure load of the structure. Looking at the graph in Figure 4-19, it looks like the 

stiffness of the test result is lower than that of the numerical results. However when the 

line is shifted to eliminate the tolerances the slope of the lines is rather similar. The 

preload of the test was too low to eliminate all tolerances.  

Table 4.3: Failure loads of braced structures 

6200 B_F   B_S   

Imp I 763.5 96% 812.7 86% 

Imp II 853.7 108% 848.5 90% 

Imp II-2 866.6 109% 823.4 88% 

Imp II-3 763.1 96% 905.7 96% 

Imp III 770.9 97% 807.1 86% 

Imp IV  826.8 104% 858.3 91% 

Imp IV-2 841.8 106% 806 86% 

Imp IV-3 731.02 92% 887 94% 

LAB 1126.3 142% 1084.2 115% 

LAB+1/2bow 881.6 111% 918.1 98% 

LAB+bow 764.4 96% 812.6 86% 

Test value 793.9 100% 940.3 100% 

Figure 4-18: Unbraced Supported 6200 
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Looking at the values in Table 4.3 the difference between LAB and LAB+bow is shown to 

be substantial. Also it is notable that the addition of falsework imperfections is of a minor 

influence on the buckling load (imp I compared with imp III). This is due to the fact the 

local bow imperfection on the structural elements is of major importance because that is 

where the structure fails.  

Imperfection model I gives an accurate failure mode and failure load. But this is also true 

for imperfection model II-3 and III. All these buckling loads are around 96% of the 

experimental value. This is a legitimate model for the prediction of the buckling load.  

4.4.4 Braced supported 

The buckling load of the braces supported structure of 6200mm is 940.3kN; see Table 4.3. 

The structure is rather stiff and the load is increased until it fails rapidly. Buckling of the 

middle piece is the failure mode, so similar to the braced unsupported structure. Because 

the structure is supported at the top, the ultimate load is higher.  

Looking at the graph in Figure 4-20, the LAB imperfection model gives a high buckling 

load (115%) and when bow imperfections are added to this shape the buckling load 

decreases to 812kN (86%). The behaviour of the structure is similar, the structure is 

rather stiff until the failure load where the local failure mode occurs. 

If the buckling values of the braced supported configuration are compared with the 

buckling values of the braced unsupported configuration is shows that the behaviour is 

similar. The same imperfection models are governing to predict the buckling load. All four 

imperfection models give a buckling value of 86-88%.  

Figure 4-19: Braced Freestanding 6200 
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4.5 Conclusion 

The measured misalignment imperfections from the laboratory do not give a significantly 

accurate imperfection shape to predict the failure load. This is due to the fact that no bow 

imperfections are included and the structural elements are straight. This effect is of minor 

influence on structures which fail in a global failure mode.  

Imperfection models from the Eurocode result in a too high buckling load for when 

unbraced structures of 6200mm. An additional falsework imperfection is needed and 

imperfection model III gives the most accurate results. Therefore this imperfection model 

will be used to predict the failure loads of the structure.  

 

  

Figure 4-20: Braced Supported 6200 
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5. Discussion 
In this chapter the 2D configuration of L. Luu [10] and the 3D configuration of this 

research are compared. This previous research was conducted in 2015 and focused on 2d 

configurations with coupled props (columns) to determine the buckling load of these Civil 

Poly props. The general perception of this research stated that a 2D configuration will be 

accurate because of the 2D failure modes when a large number of props is used. It is stated 

that 3D failure modes do not occur because of the stiffness of all the props together.  

5.1 Comparison with previous research 

Both the 2D and 3D configuration are 6200mm high towers without additional bracing 

between the jacks, and with a horizontal constraint at the top. The 2D configuration has 

a bay of 1200mm with a coupled bay of 1800mm with no bracing at all. Both numerical 

models have a rotational spring stiffness for the connection between the ledger and middle 

piece. The cross sectional properties do correspond as well. A difference in the 

configuration is the schematization of the overlap length. In the 2D configuration a 

comprehensive cross section is used as described in paragraph 4.3.1.4 and Figure 4-5. This 

difference would be of a minor influence because of the small overlap length. The mesh 

size of both configurations is taken as 100mm elements. The imperfection model used in 

the 2D configuration is also different from the imperfection model used in this 3D 

configuration.  

The buckling behaviour of both these configurations is shown in Figure 5-1. The behaviour 

of these two configurations is similar. The top and bottom jacks show the largest 

displacement, where the middle pieces establish a rather stiff section with low 

deformation. It can be remarked that the stress is different in both models, in the 2D 

model the overlap cross section has the largest stress. This is remarkable because the 

combined cross section should have a larger moment capacity compared to the jack cross 

section. Note that the stress in the 2D structure is lower than the stress in the 3D 

structure.  

Figure 5-1: Comparison of 3D and 2D configuration [10] 
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However the 3D tower also fails due to rotation around its central axis. This causes the 

tower to have a lower buckling load than the 2D configuration. The load displacement 

graphs of these two configurations are shown in Figure 5-2. The load on the structure is 

normalized to compare the 2D and 3D structure. All values are generalized to a load 

corresponding to four columns. The ultimate load of the 3D configuration is 14% lower 

than that of the 2D configuration.  

 

 

 

 

 

This difference in buckling load is caused by two differences: the fact the 2D structure is 

fully supported in one direction and the difference in number of bays. Table 5.1 shows the 

ultimate buckling load of the 6200 and 4600 high configuration of both the 2D and 3D 

models. From previous research it can be stated that a decrease in the number of bays 

results in an increase of the buckling load per column. This holds for a large number of 

bays, but when the coupled number of bays is small the structure behaves as a tower. For 

low structures (4600mm) the 3D effect of the tower is minor because the failure is caused 

by local buckling of the middle piece element.  

Table 5.1: Buckling loads (kN) of 2D and 3D configuration  

U_S tower 2bay 
(n=3) 

3bay 
(n=4) 

4bay 
(n=5)  

3D 2D 2D 2D 

6200 215.1 250 229.6 212.8 

4600 668.4 665.6 645.6 590 
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5.2 Implementing results towards design graphs 

One of the goals of this research is to develop design graphs which can be used in practice. 

The numerical simulations are the basis of these graphs. To obtain these graphs, nominal 

material and cross-sectional properties are used. In total 12 simulations are done to 

predict the different buckling loads. As determined in paragraph 4.5 the imperfection 

model III is used to predict the buckling loads.  

In appendix H the load displacement graphs of the different configurations are shown. 

The load displacement diagram of U_F_NOMINAL_6200_III is shown in Figure 5-3. The 

behaviour is similar to the behaviour of the configuration with LAB properties, which is 

described in the previous chapter. Obviously the buckling load is lower than when the 

laboratory properties are used. The nominal material has a lower strength and the cross 

sectional dimensions are smaller.  

All buckling loads are summarised in Figure 5-4 and the deviation between the LAB and 

NOMINAL properties is the same for all configurations. So it can be stated that the 

behaviour of the structures is unchanged despite the change in material and cross 

sectional models.  
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This all said, a design graph can be made. For all heights between 4600 and 6200 the 

buckling load should be determined. This design graph should be combined with the 

design graph made by Luu in 2015 [10]. The configuration of the modelled structure and 

the use of the falsework in practice is not identical. A single tower is tested while a ‘bird 

cage’ configuration is used often in practice. So further research regarding the relation 

between these different configurations should be done.  

As can be seen in the graph, the relation between the buckling loads and height is not 

completely linear. Therefore additional numerical simulations will be done to predict the 

buckling loads for all heights varying with 200mm. These simulations are not part of this 

graduation thesis and therefore not described in this report.  
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6. Conclusions and recommendations 

6.1 Conclusions 

- The stress strain relationship of the steel used for the jacks does not have a clear 

yield plateau but has a more gradual stress strain relationship, as expected. The 

spreading of the strengths of the different specimens is around 10%.  

- The stress strain relationship of the steel used for the middle pieces has a yield 

plateau.  

- From literature [6] it follows that a baseplate causes the hinged connection at the 

bottom to increase in stiffness. This is confirmed by the full scale tests 1 and 2.  

- Both the two tested materials have a strength higher than the nominal value. 

- To model the overlap between the jack and middle piece correctly, two beam 

elements should be used and both cross sections should be modelled.  

- The unbraced towers (U_F and U_S) with a height of 6200mm fail in a global 

failure mode. Bending in the jacks occurs and the middle pieces create a stiff part 

of the structure.  

- The towers with a height of 5700mm also fail due to failure of the jacks and a global 

failure mode occurs. Be aware that a slight difference in height can cause the 

structure to fail in a different failure mode.  

- Unbraced towers with a height of 4600mm fail due to local failure of the middle 

pieces.  

- If additional bracing is applied to the structure, all global failure modes are 

prevented, and thus failure can only occur by buckling or local failure of one of the 

members. The failure which occurs is local failure of the middle pieces.  

- Geometric imperfections from the Eurocode for steel structures are not 

conservative enough for falsework structures. This due to the fact that these 

structures are modular and therefore have more spigot imperfections than normal 

steel structures. A combination of the imposed bow and sway imperfections from 

the Eurocode and additional imperfections by the design code for falsework gives 

a good directive. 

- When measured imperfections are placed on a theoretical model of the structure 

this is not conservative enough.  

- When an imperfection model is used which consists of taking the eigenmode of the 

structure, multiple eigenmodes should be taken into account to check the 

governing shape. In this case one of the first four eigenmodes can be governing. 

- When adding a horizontal support at the top, the buckling load only increases by 

4 to 9%.  
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6.2 Recommendations 

- Additional laboratory tests which could be conducted: 

o Braced configurations with the height of 5700. 

o A test with a large sway imperfection to see if the loading would increase 

on two columns instead of all four.  

o Repetition tests could be done for the configurations with a single test. A 

10% divergence is found in the tests with unbraced freestanding 

configuration with a height of 6200mm. 

o When additional tests with braced structures are done, a preload of at least 

200kN is needed instead of 80kN to let the structure settle and to eliminate 

tolerances.  

o A laboratory experiment with a large number of columns so rotational 

failure cannot occur. 

o Material tests with different steel batches to see the spreading of the 

material properties. 

- Additional numerical research which could be conducted: 

o A model with multiple bays to determine the influence of more coupled 

columns, so rotational phenomena would not occur. This would probably 

lead to the same results as the previous 2d research.  

o A detailed model of the connection between the jack and middle piece so the 

failure of this part can be researched.  

o Numerical model with different heights of the same configurations, which 

will be conducted after this research project to make design graphs.  

  



Technische Universiteit Eindhoven University of Technology 

 

Buckling behaviour of a stacked Poly falsework system   | 81  

References 
1. Peng, Chan, Wu, Effects of geometrical shape and increment loads on scaffold 

systems, Journal of constructional steel research Volume 63, Issue 4, (2007), 

pp. 448 – 459 

2. Yu, Chung, Chan, Structural instability of multi-story door type modular steel 

scaffolds, Engineering structures Volume 26, Issue 7, (2004), pp. 867 – 881 

3. L.B. Weesner, H.L. Jones, Experimental and analytical capacity of frame 

scaffolding, Engineering structures Volume 23, Issue 6, (2001), pp. 592 – 599 

4. Yu, Chung, Chan, structural stability of modular steel scaffold systems, 

Structural stability and dynamics, Volume 1 (2003) pp. 418 – 423 

5. Gyffolt, Mroz, Load carrying capacity of scaffolds, Structural engineering 

international, Volume 5, No. 1 (1995) pp. 37 – 42 

6. Peng, Pan, Chen, Structural modelling and analysis of modular falsework 

systems. Journal of structural engineering, Volume 123, Issue 9, (1997) pp. 

1245 – 1251   

7. Geijtenbeek, Rekenmodel voor de draagkracht van SAFE stempels (1993), 

Master thesis, Built environment, TU/e, Eindhoven, Netherlands, Report 

number unknown. 

8. Kuijer, Draagkracht van gekoppelde stempels (1996), Master thesis, Built 

environment, TU/e, Eindhoven, Netherlands, Report number: BKO rapport 

96.16 

9. Lamerichs, Ultimate load capacity of stacked steel polyfalsework (2011), 

Master thesis, Built environment, TU/e, Eindhoven, Netherlands, Report 

number: A2011.6, O2011.6 

10. Luu, Load bearing capacity of stacked civil poly falsework system. (2015), 

Master thesis, Built environment, TU/e, Eindhoven, Netherlands, Report 

number: A2015.98, O2015.98 

11. Nederlands normalisatie instituut, NEN-EN 10219-1: Cold formed welded 

structural hollow sections of non-alloy and fine grain steels - Part 1: Technical 

delivery conditions, (2006), Delft, Netherlands, NEN. 

12. Nederlands normalisatie instituut, NEN-EN 12811 part 1, 2 and 3: Temporary 

works equipment, (2004), Delft, Netherlands, NEN. 

13. Nederlands normalisatie instituut, NEN-EN 12812: Falsework - Performance 

requirements and general design, (2008), Delft, Netherlands, NEN 

14. Nederlands normalisatie instituut, NEN-EN 12813: Temporary works 

equipment - Load bearing towers of prefabricated components - Particular 

methods of structural design, (2004), Delft, Netherlands, NEN 

15. European committee for standardization, NEN 1993-1-1: Design of steel 

structures - Part 3-1: Towers, masts and chimneys - Towers and masts, (2006), 

Brussels, Belgium, CEN 

16. Safe. (2014), Poly onderdelen Product sheet, Beek en Donk, Netherlands.  

  



Technische Universiteit Eindhoven University of Technology 

 
 82 |   Buckling behaviour of a stacked Poly falsework system 

  



Technische Universiteit Eindhoven University of Technology 

 

Buckling behaviour of a stacked Poly falsework system   | 83  

Appendices 
A. Test specimen tensile tests 

B. Test results tensile tests 

C. Cross sectional dimensions members 

D. Test setup full scale test 

E. Imperfections full scale tests 

F. Load displacement diagrams full scale tests 

G. Imperfections numerical model 

H. Load displacement diagrams numerical research 

I. Comparison failure modes numerical vs tests 
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