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Abstract 

An arched structure provides an effective load carrying system for large span 

structures. When it comes to long span roof structures, timber arches are one of the 

best solutions from both structural and aesthetical point of view. Glulam arched 

structures are often designed using slender elements due to economic consideration. 

Such slender cross-section shape increases the risk of instability. 

Instability analysis of straight members such as beam and column are explicitly 

defined in Eurocode. However, for instability of curved members no analytical 

approach is provided in the code, thus some numerical method is required. 

Nonetheless, an approximation is frequently used to obtain the effective buckling 

length for the arched structures in the plane of arches.  

In this master thesis a linear buckling analysis is carried out in Abaqus to obtain an 

optimal effective buckling length both in-plane and out-of-plane for circular glulam 

arched structures. The elastic springs are used to simulate the overall stiffness of the 

bracing system. 

The results obtained by the FE simulations are compared with a simple 

approximation method. Besides, the forces acting on the bracings system is obtained 

based on 3D geometric nonlinear stress analysis of the timber trusses. 

Our findings conclude that the approximation method overestimates the effective 

buckling length for the circular glulam arched structures. In addition, the study 

indicates that the position of the lateral supports along the length of the arch is an 

important design aspect for buckling behaviour of the arched structures. Moreover, in 

order to acquire an effective structure lateral supports are needed both in extrados 

and intrados.  

Furthermore, instead of using elastic spring elements to simulate the overall stiffness 

of the bracing system, a full 3D simulation of two parallel arches was performed. It 

was shown that the springs are stronger than the real bracing system for the studied 

arch. 

 Key words: ARCH, BUCKLING, EUROCODE, EXTRADOS, GLULAM, 

INSTIBILTY, INTRADOS, LATERAL SUPPORTS, LINEAR ANALYSIS,   
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1. Introduction 

Glulam arched structures are used to overcome large spans in the range of 

48 to 120 meters. These spans are possible because of the advantageous 

combination of material and geometric properties (Saje, et al., 2013, p. 

1350040-2). Glulam arches are broadly used in the roof structure of halls, 

bridges, and viaducts because of their favourable shapes. 

Glulam arched structures are often designed using a slender cross-section 

due to economic consideration (Crocetti, et al., 2011, p. 3.39). These 

structures are characterised by their slender design, which is economic 

because it can be produced in curved shapes with varying depth without a 

great increase in production cost. The upper edge of the curved beam is the 

edge that is most frequently braced. This bracing also fulfils the function of 

roof carrier, which explains their position at the top surface. Consequently, 

the bottom edge of the curved beam is the edge that has no bracing. This 

side can experience compression stresses due to internal forces, making it 

vulnerable to out-of-plane buckling. As a result the system can become 

unstable and has a possibility to buckle.   

To increase the out-of-plane load carrying capacity an additional bracing 

system needs to be introduced (Crocetti, et al., 2011, p. 6.9). Normally, these 

elements also serve to increase the buckling strength of the arches.  

Design of straight timber members have been thoroughly investigated both 

theoretically and experimentally, when it comes to their buckling behaviour 

and in specific their buckling lengths. However design of curve timber 

members such as arches are not will defined theoretically regarding 

calculation of buckling length needed for calculation of instability factors.  

In most cases, when making a practical design, the effective buckling length 

in the arches plane is assumed to be as follows, where s is half the length of 

the arch in [m]. 

 𝑙𝑒 = 1.25 ∙ 𝑠 ( 1 ) 

The effective buckling length can be estimated according to the previously 

introduced method as long as the cross-section is constant and the load is 

uniformly distributed (Blass, et al., 1995, p. B7/5). Additionally, in reality, 

there are many other factors that should also be included while computing 

the effective buckling length such as stiffness, curvature, boundary condition 

etc. 

Arches can be categorised based on depth as deep or shallow arches. The 

depth is indicating how far a shape of the arch is changed from the flat 

beam. The behaviour of a shallow arch is quite similar to flat beam whereas 

the behaviour of deep arch is very different. In the shallow arch the coupling 

between the membrane and bending behaviour is week while in the deep 
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arch the coupling between membrane and bending is strong (Palazotto, et al., 

1997, p. 237).  

Based on the classical buckling theory of Euler a deep arch with arch length 

𝑆 can be substituted with an equivalent column which has a length equal to 

𝑘 (
𝑆

2
).  𝑘 represents the effective buckling length factor of the arches and it 

depends on the boundary conditions and shape of the arch (Moon et al. 

2009, p. 444). A study conducted at the University of Sydney (Pi &Trahair, 

1998, p. 571) has shown that the classical buckling theory might 

overestimate the critical buckling load of the shallow arches due to the fact 

that pre-buckling deformations on the mentioned structures are not small in 

comparison to their rises to be ignored. This master thesis deals with the 

buckling analysis and geometrical non-linear stress analysis of circular 

glulam arches. The analysis is made using the finite element program 

Abaqus to acquire the instability factors (𝑘𝑐𝑦, 𝑘𝑐𝑧 𝑎𝑛𝑑 𝑘𝑐𝑟) and the 

corresponding stress situations. 

1.1 Background 

During the winter of 2010 number of roof structures collapsed in Sweden. 

The report, released by the Swedish National Board of Housing, Building 

and Planning, clarified that the snow load, that triggered the collapse, was 

not greater than the load specified by the European standard (BOVERKET, 

2010). In some cases there were major shortcomings in the structural design 

of structures, for instance, lack of an adequate design towards instability, 

which caused the failure. 

The awareness towards instability problems is becoming more crucial for 

long-span structures, especially for structures where the shape and load 

carrying capacity are optimized (Carpinteri, et al., 2015, p. 48). A thorough 

buckling analysis appears to be essential.  

It is important to observe that the design criteria for instability phenomenon 

specified in many design codes, for instance, Eurocode is applicable as long 

as the loading, boundary conditions and the geometry of the structure are 

sampled such as straight members, so that the effective buckling length can 

be picked from tables (Wollebæk& Bell, n.d.). More important, for more 

complex structures such as arches, the design criteria for instability 

phenomenon are not explicitly presented in the design codes. 

1.2 Aim and Purpose 

The aim of this master thesis is to estimate, by help of numerical buckling 

simulations, an optimum effective buckling length for circular glulam arched 

structures. The buckling models developed in this project will be used to 
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study how different parameters such as number of lateral bracing members, 

number of hinges and boundary conditions will have influence on the 

buckling modes and the load carrying capacity of the previous mentioned 

structures. In addition, a geometric non-linear stress model of the circular 

arched structures will be created, to compute the forces acting in the bracing 

system. These simulations will be based on buckling modes as an initial 

imperfection of the structures.  

The purpose of the study is to gain better understanding of the three 

dimensional structural behaviour of curved glulam constructions through 

advanced geometric non-linear finite element analyses of the arches together 

with the bracing system. It enables a more accurate calculation of the 

instability factors (𝑘𝑐𝑦, 𝑘𝑐𝑧 𝑎𝑛𝑑 𝑘𝑐𝑟); which in the long run will result in 

better design codes for curved structures. 

1.3 Hypothesis and Limitations 

This master dissertation will show that boundary conditions, load 

distribution, number of lateral braces and numbers of hinges have a 

significant effect on the effective buckling length of circular arched 

structures. 

The thesis is limited by the following assumptions: 

1. Defects such as knots are not accounted in the model; 

2. The effect of moisture content is not considered; 

3. A triangular distribution of the snow load is considered based on 

normalized values, see Figure 1and Table 1; 

4. The eccentricity of load is not taken into account; 

5. Load is considered according to Eurocode; 

6. The dead weight of the structure is modelled as a uniform 

distributed load, along the length of the arch; 

Table 1: Normalized snow loads and their corresponding lengths ( Ormarsson, 2014). 

Index i 1 2 3 4 5 6 7 8 

Load 𝑞𝑖 0.084 0.268 0.482 0.722 0.933 0.742 0.450 0.151 

Length𝑙𝑖 0.084 0.100 0.114 0.126 0.134 0.143 0.148 0.151 
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Figure 1: Visualisation of a normalized load for a triangular snow loads ( Ormarsson, 2014). 

1.4 Reliability, validity and objectivity 

The simulations were carried out in Abaqus6.13-2, which is a powerful 

Finite Element program, and the numerical results were verified using the 

requirements as stated by Eurocode 5. In this master dissertation a 

parametric study was made by varying the parameters presented in section 

1.2. The results were checked on consistency.   
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2. Literature Review 

This section addresses the former research that has been done in the fields 

touching this master thesis. The summary treats the stresses  and the stability 

of arches, as well as some other type of structures. Furthermore, it includes a 

short history of arches.   

2.1 History of Arches 

Arches were used for the first time by the Ancient Romans in a variety of 

structures. Since stone works well under compressive load, it was used as a 

structural material for the building of arches because they work primarily 

under compression when loaded in a correct way. Due to the straightforward 

way of scaffolding, the arches frequently had a semi-circular shape, see 

Figure 2. 

 

Figure 2: Aqueduct constructed by Romans (Pont Du Gard, .n.d). 

Nowadays, the section of arches is chosen in such a way that the bending 

action is minimized as much as possible. This can be attained by preparing 

the geometry to follow the thrust line of the governing load combination. 

Nonetheless, bending moments cannot be completely removed because 

different load combinations need to be considered, each with their own line 

of thrust. Normally decent approximations can be made of parabolic and 

circular shapes, which is why these types are frequently chosen (Blass et al. 

1995, p. E9/3). For three-hinged parabolic arches, it can be exhibited that the 

bending moment is equal to zero as long as the thrust line of the arch is 

shaped according to the below equation, 

 
𝑦 =

4 ∙ 𝑦𝑐

𝐿2
∙ 𝑥 ∙ (𝐿 − 𝑥) 

( 2 ) 

where 𝑦𝑐 is the height of the arch in [𝑚], 𝐿 is the span length of the arch in 

[𝑚]. To limit the size of lateral actions, the raise of the arch must not be 

smaller than 0.14 times its span. This corresponds to an angle at the base 𝛼 
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of 30°for a parabolic arch (Crocetti, et al., 2011, p. 3.39).  Arch terminology 

is shown in Figure 3. 

 

Figure 3: Common arch terminology. 

2.2 Literature research on stability of structures 

As it was mentioned in section 1.1, the lateral buckling of curved structure 

such as arches are not well defined in the current design codes. Therefore 

often a parametric study using the FE-method or experimental studies are 

performed to address the issue of instability.  

A study presented by Saje, et al. (2013) a numerical analysis of arches was 

made to obtain an optimal relative height and the optimal position of the 

lateral supports of an arch. The study concluded that the relative height of 

the arch strongly affects the lateral buckling capacity of an arch. The study 

showed that the optimal height/span ratio is 0.2. 

Another interesting investigation was carried out by Cai & Fing (2010). This 

study looks into the nonlinear behaviour and in-plane stability of parabolic 

shallow arches with rotational springs. The study concluded that the effect of 

the rotational stiffness of the elastic support is significant for the critical 

load. 

Blockhaus log-walls were thoroughly investigated under eccentric in-plan 

compressive load. Experiments on five different timber Blockhaus log-walls 

were used to analyse the global buckling behaviour of the structure (Bedon, 

et al., 2015). The principle differences between the tested log-walls were the 

geometry of the specimens (e.g. position of window and door opening), the 

different lateral restraints and the eccentricities of the applied loads. It has 

been shown by this study that these parameters strongly affect the global 

buckling behaviour of the walls.   

Nils Olsson (2001) looked thoroughly into the glulam arched structure used 

in the Nordic Hall in Sundsvall, Sweden, which was at the verge of 

collapsing under the action of a non-uniform snow load. The results showed 

that this arch structure was very sensitive to modifications in the distribution 
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of the load because arches are designed to carry a certain amount of 

compressive load. 

An extensive parametric investigation of glulam trussed arches was carried 

out by Farreyre & Journot (2005). Several crucial parameters (boundary 

conditions, truss depth) were changed in order to find the optimal static 

system. Furthermore, the number of diagonal bracings was altered during the 

analysis and it was acquired that the number of diagonal bracings played an 

important role in the local buckling problems. The results showed that when 

the number of diagonal bracings was increased, the risk of buckling 

dramatically decreased. 

Looking through these studies, it can be stated that the stability is a crucial 

and complicated part of structural design.  
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3. Theory 

3.1 A short introduction of trees 

Trees are living organisms, which are the result of many years of evolution. 

They consist of thousands of different species. The stem of the tree has a 

round cross sectional shape, which helps a tree to optimise wind load and 

gravity. It also transports water and mineral from tree roots to branches and 

twigs. The leaves (hardwood) or needles (softwood) of the trees are used for 

transpiration, respiration and photosynthesis process. Additionally, the 

chemical in the centre of tree protects the tree against the threat of insects. 

3.2 Material structure of wood 

Seen from molecular level wood is built up from principally three elements; 

carbon, hydrogen and oxygen which shapes the cellulose, hemicelluloses 

and lignin parts of the wood, see Figure 4. Cellulose is a long molecular 

chain which is built up from glucose units. 

 

Figure 4: Structure of  cellulose, hemicellulose and lignin (ELOMATIC, n.d).  

Wood is divided into hardwoods and softwoods. Tracheid is the most 

common cell type in softwood with an approximate size of 2-4 mm in length 

and 0.1 mm in width, which has a tube-shaped structure. 

A wood cell can be classified according to the following three parts: the cell 

wall, the cell lumen and the meddle lamella (Ormarsson 1999, p. 10). The 

cell wall is what defines the structure of the cell; the cell lumen is the cavity 

within the cell, in which water transportation occurs. The middle lamella is a 

bonding stripe around the cell walls, interconnecting the cells. 
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The cell wall in wood comprises of four layers (𝑆3, 𝑆2, 𝑆1, 𝑃); from those, 

𝑆3 𝑎𝑛𝑑 𝑆2 maintain the shape of the cell. The 𝑆2 layer, which is located 

between the layers 𝑆3 𝑎𝑛𝑑 𝑆1  represents 85% of the cell wall thickness and 

has great influence on the properties of the cell wall. The centre portion 

which is surrounded by the mechanical layer 𝑆3 is mainly used for the 

transportation of liquid (Persson 2000, p. 11), see Figure 5.  

  

 

Figure 5: Material structure of wood (Kent Persson). 

The wood material is defined as an orthotropic material. A material is an 

orthotropic material if it has different properties in three orthogonal   

material directions. The coordinate system made by these directions defines 

the three symmetry planes. A symmetry plane exists if two coordinate 

systems, which are mirror images with respect to this plane, leave the 

material matrices unchanged after transformation between the coordinate 

systems. The three planes in wood that fulfil this symmetry requirement are 

those planes that possess normal vectors in the longitudinal, radial and 

tangential directions of the annual ring structure (Ormarsson 1999, pp. 20-

21). The orthotropic material directions are designated by the letters 𝑙, 𝑟 and 

 𝑡, which represent the longitudinal, radial and tangential direction in wood, 

see Figure 6. 

 

Figure 6: Local and global coordinate system of wood(Ormarsson 1999). 
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3.3 Natural characteristics of wood  

Wood has many natural characteristics that from an engineering point of 

view can be observed as defects. Some of these defects are discussed below. 

3.3.1 Knots 

A knot is a type of imperfection in wood, see Figure 7. The strength of the 

sawn timber is heavily affected by the size, shape, number and location of 

knots (Crocetti, et al., 2011, p. 2.8). The fibre orientation around the knots 

has a significant deviation from the main fibre direction which has a 

negative effect on most mechanical properties, especially the tensile and the 

bending strength of the timber board. Most high graded sawn timber for 

structural use has smaller and fewer knots.  

 

Figure 7: Knot in wood specimen (Blender stack exchange, 2015). 

3.3.2 Spiral grain angle 

The spiral grain angle 𝜃 is defined as an angle in the l-t plane between the 

pith direction and the fibre direction; see Figure 8a and b. This phenomenon 

implies that the wood fibres are oriented in a spiral manner, not parallel to 

the pith. The spiral grain angle can severely influence the material 

orientation.  The conical angle of the tree stem also has a small influence on 

the material orientation. A positive spiral grain angle means that the wood 

fibres are oriented to the left when looking at the stem from outside. 

The conical effect is the result of the slightly tapered shape of the tree stem. 

The conical angle is defined with  and the spiral grain angle  is assumed 

to vary with the distance from the pith, see Figure 8b. 

 

http://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjs_MXju4jLAhXMCpoKHbDOC74QjRwIBw&url=http://blender.stackexchange.com/questions/27767/how-to-make-procedural-wood-material-with-knots&psig=AFQjCNHs00H4w3uhNx4tuPgCV9NTwgXLBQ&ust=1456130705699656
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a)  b)  

          Figure 8: a) Surface splitting of a log with significant spiral grain, b) illustration of spiral grain 

angle 𝜃 and the conical angle  (Ormarsson, 1999). 

    3.3.3 Reaction wood 

Reaction wood is formed in a tree trunk, which is e.g. subjected to strong 

wind pressures (Porteous & Kermani, 2013, p. 6). Reaction wood is divided 

into two types: compression wood in softwood and tension wood in 

hardwood. Reaction wood is often denser than normal wood and it also has 

larger longitudinal shrinkage than normal wood. The cross sectional cell 

structure of compression wood differs also significantly from the normal 

wood; see e.g. Ormarsson 1999, p. 16.   

Compression wood can be spotted as dark annual rings in the cross section 

of the log and it frequently develops on the lower side of leaning stems and 

knots, see Figure 9. 

 

Figure 9: Compression wood (Bodig and Jane, 1982). 
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3.3.4 Juvenile wood  

The innermost core of the trunk, consisting of first 5-20 year rings, is called 

juvenile wood. The juvenile wood has often less desirable properties than 

those found in the mature wood (Crocetti, et al., 2011, p. 2.9). The cells are 

likely to be three to four times longer in mature wood in comparison to those 

found in juvenile wood. In softwoods, the density is e.g. 10-15% lower in 

the juvenile wood and the bending strength is also 15-30 % lower than in the 

mature wood. In addition to the cell length, juvenile and mature wood have 

very different cell structure. 

3.4 Physical properties of wood 

3.4.1 Wood and moisture 

Wood is a hygroscopic material which means that it will absorb moisture 

from the atmosphere when it is dry and correspondingly loses moisture to 

the atmosphere when it is wet until the moisture content in the material will 

become in equilibrium with the climate condition of the adjacent 

atmosphere. This kind of moisture content state is recognized as the 

equilibrium moisture content (EMC). EMC is the moisture content state 

where the wood is neither acquiring nor losing moisture content. (J.M 

Dinwoodie, 2000, p. 49).  

3.4.1.1 Moisture content 

The amount of water in wood is called moisture content (MC). It is defined 

as the mass of water in a piece of wood expressed as the percentage of the 

oven-dry mass of the same piece of wood: 

 MC=
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑎 𝑤𝑜𝑜𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)

𝑂𝑣𝑒𝑛−𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑤𝑜𝑜𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
∙ 100 ( 3 ) 

For newly felled trees (green condition), it is likely to have a wood sample 

with more than 100% moisture content. This is because the cavities of the 

sapwood of newly felled trees are filled with water 

3.4.1.2 Influence of moisture content 

One of the most crucial variables affecting the performance of wood is the 

moisture content. It affects significantly the strength, stiffness and shape 

stability of the wood material. It can also have influence on board 

dimensions, susceptibility, workability and as well as its ability to accept 

adhesives. In order to perform well, the moisture content for wood must be 

reduced to at least 12 percent of its oven-dry mass (Desch and Dinwoodie, 
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1981, p. 81).  Both strength and stiffness properties are decreasing with 

increasing moisture content in the wood material. 

3.4.2 Distortion of timber (Dimensional changes) 

The orthotropic shrinkage behaviour, the material inhomogeneity and the 

fibre structure in solid timber often cause moisture related distortion which 

often makes the application of the timber difficult. Due to the complex 

structure of wood, the degree of dimensional changes is different along the 

three principle axes (J.M Dinwoodie, 2000, p. 58). There are four types of 

distortion modes: twist, spring, bow and cup, see Figure 10.  

 

  

 

 

 

    

Figure 10: Types of distortion (Crocetti, et al., 2011). 

 

The sawing pattern of the log has a significant influence on the distortion 

types of the sawn timber, (see e.g. Ormarsson 1999 p. 90-97). In addition, in 

kiln-drying, different drying schedules, flow of the air and weights on the 

top of timber stack could help to reduce the distortion. 

3.4.3 Density 

One of the most crucial physical properties of the wood is the density 𝜌 

which can be described as: 

 
𝜌𝑖,𝑗 =

𝑚𝑖

𝑣𝑗
  

 

( 4 ) 

where 𝑚 is the mass of the wood sample in [𝑘𝑔] at the moisture content i 

and 𝑣 is the volume of the same sample in [𝑚3] at the moisture content j. 

Often the mass and the volume are determined at the same moisture content. 

For the dry density of wood both these parameters are referring at zero 

moisture content. Nonetheless, the most commonly definition in timber 
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design is 𝜌12 which is based on 12 % moisture content for the mass and for 

the volume.   

The presence of moisture content not only increases the mass of the timber 

but it also results in the swelling of it, as a result, both volume and mass are 

affected (J.M Dinwoodie, 2000, p. 43). 

3.5 Mechanical properties of wood and timber 

As mentioned earlier fiber orientation and natural characteristics of wood 

such as knots, spiral grain angle, reaction wood and juvenile wood severely 

affect the mechanical properties of wood. Based on these characteristics, 

wood is divided into: small clear wood specimens and timber boards i.e. 

larger specimens containing all the natural characteristic. The small clear 

wood specimens comprise only wood material without any defects. That is 

why the clear wood properties are mainly dependent on the properties of 

wood fibers. In some cases the influence of natural defects in timber boards 

are very significant and to some extent decide the quality of timber material. 

3.5.1 Strength and stiffness of wood 

Wood is a strongly orthotropic material, i.e. it has highly different material 

parameters in different directions. It is therefore essential to load the 

material in a proper way. To have a thorough view regarding the stiffness 

parameters of the wood material typical stiffness and strength parameters 

used in this work are listed in Table 9. 

3.5.2 Strength and stiffness of structural timber 

Sawn timber boards do not possess only straight wood fibres but also defects 

such as knots, spiral angle, compression wood, etc. That is why the stress 

grading of wood is needed, (see e.g.Oscarssons 2014). Based on the stress 

grading different strength classes are defined for wood and glulam. Table 2 

and Table 3 show the mean- and characteristic stiffness and strength values 

for three typical strength classes.  
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Table 2: Strength properties for three typical structural timber strength classes (Porteous & Kermani, 

2013). 

Strength 

class 

Charachterstic strength properties(
𝑁

𝑚𝑚2) 

Bending 

 

𝑓𝑚,𝑘 

Tension 

0 

𝑓𝑡,0,𝑘 

Tension 

90 

𝑓𝑡,90,𝑘 

Compresion 

0 

𝑓𝑐,0,𝑘 

Compresion 

90 

𝑓𝑐,90,𝑘 

Sherar 

 

𝑓𝑣,𝑘 

𝐶14 14 8 0.4 16 2.0 1.7 

𝐶16 16 10 0.5 17 2.2 1.8 

𝐶18 18 11 0.5 18 2.2 2.0 

Table 3: Stiffness properties and density values for three typical structural timber strength classes 

(Porteous & Kermani, 2013). 

Strength 

class 

Stiffness properties (
𝐾𝑁

𝑚𝑚2)  Density  (
𝑘𝑔

𝑚3) 

Mean 

modulus 

of 

elasticity 

0  

𝐸0,𝑚𝑒𝑎𝑛 

5% 

modulus 

of 

elasticity 

0  

𝐸0.05 

Mean 

modulus 

of 

elasticity 

90  

𝐸90,𝑚𝑒𝑎𝑛 

Mean 

shear 

modulus  

 

𝐺𝑚𝑒𝑎𝑛 

Density 

 

 

𝜌𝑘 

Mean 

desity  

 

𝜌𝑚𝑒𝑎𝑛 

𝐶14 7.0 4.7 0.23 0.44 290 350 

𝐶16 8.0 5.4 0.27 0.50 310 370 

𝐶18 9.0 6.0 0.30 0.56 320 380 

Some typical expressions are given in (Porteous & Kermani, 2013) 

regarding calculation of the stiffness and strength parameters as a function 

of mean modulus of elasticity, density or bending strength. In this work 

different parameters 𝐸𝑘, 𝐸𝑚𝑒𝑎𝑛 and 𝑓𝑘 are used in different types of analysis. 

3.5.3 Influence of moisture  

As mentioned in section 3.4.1 the mechanical and physical properties of 

wood are affected by moisture content. The higher the moisture content is 

the strength and stiffness becomes lower. By reducing the strength value of 

wood the effect of the moisture content is considered in design code through 

the modification factor 𝑘𝑚𝑜𝑑, (see e.g. Porteous and Kermani 2013 p. 69). 

Experiments have also shown that the effects of moisture content are 

varying in different orthotropic directions.  
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3.5.4 Influence of loading time 

Loading time is another factor which affects the mechanical strength 

properties of timber products. It has been experimentally substantiated that 

the long term bending strength decreases with an increased loading time. For 

ultimate limit state design in Eurocode 5 the duration of load is also treated 

with the modification factor 𝑘𝑚𝑜𝑑. 

3.5.5 Influence of temperature 

With increasing temperature both strength and stiffness of wood are 

decreasing. For a typical temperature range a timber structure is exposed to 

during its service life, this reduction in strength becomes fairly small. The 

influence of temperature is resting upon to the moisture content; the effect is 

getting notably greater for the higher moisture content (Desch and 

Dinwoodie, 1981, p. 122). However, the effect of temperature is not taken 

into consideration in design codes. 

3.5.6 Influence of cross-section size 

Experiments have marked that the volume of the specimens has a notable 

influence on strength. Smaller specimens break at higher stress level in 

tension compared to larger specimens. This phenomenon is frequently 

described by the weakest link theory using the Weibull distribution 

(Crocetti, et al., 2011, p. 2.21). The theory says that ’’ a chain subjected to 

tension is never stronger than its weakest link’’. 

For timber it has been exhibited that the likelihood of a large weakness 

taking place in the heavily loaded section is bigger in a large members than a 

smaller one. For tensile failure, wood can be treated as a brittle material. 

According to Weibull theory the material needs to be a brittle material and 

its strength-degrading defects are of random size and randomly distributed 

within the specimen. 

If 𝑉1 and 𝑉2 are volume of two wood specimens and 𝑓1and 𝑓2 are their 

respective strengths; their relation can be describe as, 

 (
𝑓1
𝑓2

) = (
𝑉1

𝑉2
)

1
𝑘
 ( 5 ) 

where 𝑘 is the shape factor of the Weibull distribution. Size effect is 

frequently taken into consideration in design codes. Eurocode introduces a 

size factor 𝑘ℎ to tackle this issue. 

The effect of volume is also considerable in tension perpendicular to the 

grain. Eurocode 5 is using a volume factor 𝑘𝑣𝑜𝑙 in areas with high tensile 
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stresses perpendicular to the grain. For design of curved frame structures and 

pitched beams this is for example of significant importance. 

3.5.7 Long term deformations 

As previously stated in section 3.5.4, loading time has significant effects on 

the mechanical strength properties of wooden timber products. The load 

duration is not only influencing the strength where it also affects the final 

deformation of wood sample. If a piece of wood is submitted to a constant 

load, it will show increasing deformation within the course of time, this 

effect is known as creep or viscos elastic deformation, see Figure 11. 

 

Figure 11: Creep curve during the loading-time and after unloading (Bodig and Jane, 1982). 

The deformation will exist as long as the load is applied. Once the load is 

terminated, most of the deformation will recover. However, for higher load 

levels some permanent deformations will always remain. 

Creep behaviour in timber and wood related products are function of 

different factors. In order to simplify the design procedure, deformation 

factor  𝑘𝑑𝑒𝑓 is considered in EC5 for calculation of creep. When a building 

is submitted to a permanent load over the lifetime, the instantons deflection 

(𝑢𝑖𝑛𝑠) and the creep are related as, 

 
𝑢𝑐𝑟𝑒𝑒𝑝 = 𝑢𝑖𝑛𝑠 ∙ 𝑘𝑑𝑒𝑓 

 

( 6 ) 

where 𝑘𝑑𝑒𝑓 is a deformation factor which is depend on the type of material 

being stressed and its moisture content, and its values are given in (Table 

2.10  in Porteous and Kermani 2013) . 
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3.6 Orthotropic elastic behaviour of wood 

As mentioned earlier, wood is a natural material that can be characterized as 

orthotropic material. The orthotropic elastic behaviour of wood can be 

explained by the generalized Hook’s law as, 

 

 𝜎 = 𝐷 ∙ 𝜖 ( 7 ) 

 

where  𝜎 =  

[
 
 
 
 
 
𝜎𝑙𝑙

𝜎𝑟𝑟

𝜎𝑡𝑡

𝜎𝑙𝑟

𝜎𝑙𝑡

𝜎𝑟𝑡]
 
 
 
 
 

;   𝐷 = [

𝐷11 𝐷12 ⋯ 𝐷16

𝐷21 𝐷22 ⋯ 𝐷26

⋮ ⋮ ⋮
𝐷61 𝐷62 𝐷66

]    𝜖 =

[
 
 
 
 
 
𝜖𝑙𝑙

𝜖𝑟𝑟

𝜖𝑡𝑡

𝛾𝑙𝑟

𝛾𝑙𝑡

𝛾𝑟𝑡]
 
 
 
 
 

 ( 8 ) 

where  is the stress,  is the strain and D denotes the symmetric constitutive 

matrix(see e.g. Ottosen & Petersson, 1992, pp. 248-250).  

3.7 Engineered Wood Product (EWP) 

Normal swan timber can be found only for certain dimensions and its quality 

is also limited. The largest cross-sectional dimensions available on the 

market are 75 𝑚𝑚 thick and 225 𝑚𝑚 wide. The maximum length of solid 

timber is about7 𝑚. For larger dimensions it is necessary to use some sort of 

Engineered Wood Product (Porteous & Kermani, 2013, p. 17). EWPs are 

e.g. made of sawn timber lamellae, veneer sheets, particles or fibres glued 

together with some sort of adhesive.  

Glued laminated timber (Glulam) is a type of structural elements, which is 

broadly used for building purposes. This type of material is more 

environmentally friendly in comparison to other structural materials such as 

concrete and steel because of its pros such as serviceability and renewability 

(Kong, et al., 2015, p. 136). After the European Union commitment to 

condense the greenhouse effect, using of glulam, as structural material, 

increased drastically. 

 Glulam beams comprises of several layers of finger jointed sawn timber 

lamellae (not less than four layers), glued together with some sort of 

adhesive. All the lamellae are oriented in the axial direction of the beam. 

In Sweden, glulam comprises of 45mm thick lamellae with a width up to 

215 mm. For wider glulam beams they can be manufactured by gluing two 

beams together. There are two types of glulam on the marked; homogeneous 

and combined. Combined glulam is design to increase the bending load 

carrying capacity of the beam, see Figure 12. An important advantage with 
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glulam products is that they can be manufactured with a curvature either a 

small pre-camber to minimize deflection or as curved beams and frames 

(Crocetti et al. 2011, p. 2.31). 

 

Figure 12: Combined glulam cross section (Crocetti, et al., 2011). 

Curved beams are basically made with thin lamellae which are moulded into 

the desired curved shape before hardening of the adhesive. Experiments 

have exhibited that glued laminated timber is not notably stronger then solid 

timber of the identical dimensions, but variability in strength is lower, see 

Figure 13. 

 

Figure 13: Strength variation for glulam beams and structural timber (Crocetti, et al., 2011). 

3.7.1 Engineered Wood Product based on sawn timber boards 

 As mentioned earlier, EWPs are made to overcome the limitation of sawn 

timber and are manufactured in variety of forms. EWPs based on sawn 

timber boards can be produced by gluing together the pieces of sawn timber 

boards. It can be produced in the form of glulam beam or in the form of 

cross-laminated timber panels (CLT) (Porteous & Kermani, 2013, p. 17). 

3.8 Glulam Arches 

Timber arches are mainly made of glulam. Glulam can be produced in 

curved shape with varying depth without much increase in production cost. 
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This makes it more suitable for light weight arch structures (Crocetti, et al., 

2011, p. 3.39). 

3.8.1 Lateral bracing 

Traditionally purlins are used as lateral bracing members but today load 

bearing profiled sheets of steel are sometimes used as lateral bracing 

elements, see Figure 14. They can be used in both insulated and un-insulated 

roofs. The profiled sheets are normally fastened to the support at the centre 

of the smooth part of the flange (Load-bearing profiled sheets, 2015). The 

types, numbers and sizes of fasteners are determined by the designer. On 

account of using many fasteners, profiled sheathing can be considered more 

efficient lateral bracing in comparison to the purlins when it comes to the 

bracing capacity. 

 

Figure 14: A laterally load bearing profiled sheet ( Load bearing arched sheet T45-30L-905, 2013).   

3.8.2 Lateral stability 

In design of structure system, it is important to attain the stability of 

structure. Stability is a vital issue in the design of structures that are built of 

discrete elements. There are three principle ways to stabilize an unstable 

structure (Crocetti, et al., 2011, pp. 6.20-22). These fundamental methods 

are: shear wall see, Figure 15b, semi-rigid joints see Figure 15c and diagonal 

bracing see Figure 15a. 

 

 

Figure 15: a) Diagonal bracing, b) shear wall and c) rigid joints (Crocetti, et al., 2011). 

https://www.google.se/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjQoPH78-XKAhXDLg8KHYOnB7oQjRwIBw&url=http://www1.ruukki.com/Construction/Load-bearing-sheets/Load-bearing-arched-sheet-T45-30L-905&psig=AFQjCNEMLcGyILrZg0NploxWxWW23gXswA&ust=1454943152628455
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It is also crucial to point out that load bearing timber structure must be able 

to transfer the load from roof level down to the foundations. 

Curved timber structures such as arches are normally stabilized by using 

lateral wood members and diagonal bracing members made of steel cables, 

see Figure 16. 

 

Figure 16: Lateral stability of glulam arches by means of diagonal bracing (Carling, 2008). 

3.9 Instability of structures 

All structures experience changes in shape under external load. In a stable 

structure the deformations are small in comparison to the one in an unstable 

structure. A structure is said to be stable if a small increase in load, results in 

small deformations (Blass, et al., 1995, p. B6/1). However, in an unstable 

structure deformations caused by external load are typically large and tend 

to become larger as long as the load is applied.  

For slender timber structures it is very important to address the stability 

phenomenon vigilantly. The most common instability phenomena are in-

plane buckling, lateral buckling and lateral-torsional buckling. Lateral-

torsional buckling is most difficult phenomenon to deal with Eurocode 5 

also offers a weak assistance to lateral-torsional buckling compared to pure 

flexural buckling. 

There are currently two approaches to tackle the stability issue: 

1. First-order linear theory or the simplified method specified by codes. 

2. Second-order linear theory. 

In design of arches according to the first-order linear theory, the buckling 

resistance must be justified by stability check about both the major and the 

minor axes. Frames and arches can be designed against buckling failure 

using linear buckling analysis or a simplified method presented in (Blass, et 
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al., 1995, pp. B14/1- B14/5). The computation of stresses owing to external 

forces is based on a linear theory considering force equilibrium in the un-

deformed configuration. 

On the other hand, in second order linear theory, the computation of stresses 

is based on geometric non-linear analysis considering equilibrium in the 

deformed configuration. These calculations are normally performed with 

finite element software.  

3.10 Buckling 

All structural members in a construction need to be designed against all 

possible material and instability failures using different stress-stability based 

design criterion. 

A slender structural member such as column subjected to axial compressive 

load might reach its critical stress state, for which the column deflect 

sideways. This type of instability is named flexural buckling. The buckling 

capacity of structural member (column) primarily rests on the strength and 

stiffness of the material, especially bending stiffness for a timber column 

(Blass et al. 1995, p. B6/1). Therefore, besides the bending and compression 

strength, the modulus of elasticity is a crucial material property which is 

affecting the load bearing capacity of slender columns. 

3.10.1 Column buckling 

As mentioned above axially loaded members subjected to compressive force 

will displace laterally which could finally lead to buckling failure, see Figure 

17. The load-bearing (buckling) capacity becomes smaller if the member 

becomes slender i.e. the buckling will occur about the axis that has highest 

relative slenderness ratio. For a straight column pined at both ends, the 

expression for computing the critical axial load through its centre of gravity 

is the equation 9 for Euler buckling load. 
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Figure 17: Illustration of laterally buckled simply supported column (Blass, et al., 1995). 

 

 𝑁𝑐𝑟 =
𝜋2𝐸𝐼

𝐿𝑒
2  ( 9 ) 

where EI is bending stiffness in [𝑁𝑚2], 𝐿𝑒 is effective buckling length 

where 𝐿𝑒 = 𝛽𝐿 in [m], 𝛽 denotes Euler effective length factor resting on the 

supporting conditions, see Figure 18 where 𝐿 is length of column in [m]. 

A very vast research has been executed by many researchers on stability of 

frames and the concept of so-called effective buckling length. Wood RH 

studied the effective buckling length of multi-story building in the 70s 

(Adman, R, & Saidani, 2013, p. 1). He designated a rigidity of a joint in 

multi-story building with respect to effective length factor. Later on this 

method was adopted by Eurocode.  Even though the approach is limited in 

practice, it is still a good analytical tool for the engineers. 

The effective buckling length 𝐿𝑒 for a member subjected to compressive 

force is the length between adjacent points of contra-flexure, see Figure 18. 

 

Figure 18: Different buckling lengths and support conditions for stright columns(Porteous & Kermani, 

2013). 
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Equation 9 is given a theoretical value of the load carrying capacity of a 

straight column. But in reality many other factors such as cross sectional 

geometry, semi-rigid support conditions, geometrical imperfections and 

material imperfections will affect the stability behaviour of a member 

subjected to compressive axial load. 

In Eurocode 5 these factors are taken into account by introducing a reduction 

factor kc that depends on both the relative slenderness ratio and mentioned 

factors. Therefore the compressive strength can be obtained as, 

 𝑁𝑐,𝑅 = 𝑘𝑐 ∙ 𝑓𝑐𝑑 ∙ 𝐴 ( 10 ) 

where fcd marks design compressive strength in [MPa] and 𝐴 marks cross-

section area in  [𝑚2]. 

3.11 Buckling of a uniformly compressed circular arch 

If a two hinged circular arch is subjected to the action of uniformly 

distributed load, it will buckle as exhibited by dotted line in Figure 19. 

 

 

 

 

Figure 19: Buckling of uniformly compressed circular arch (Timoshenko and Gere, 1961) 

 

The critical value of the load at which the buckling occurs can be calculated 

as follow, 

 𝑞𝑐𝑟 =
𝐸𝐼

𝑅3
(
𝜋2

𝛼2
− 1) ( 11 ) 

where 𝛼 is the center angle of the arch and  𝑅 is radius of the arch in [𝑚], 
see Figure 19. 

In the case of three-hinged circular arch, one of the buckling modes is 

identical as for the two-hinged circular arch shown in Figure 19. 
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The other possible buckling mode is symmetrical and it is related with the 

lowering of the middle hinge as shown in Figure 20, (Timoshenko and 

M.Gere, 1961, pp. 297-301). 

 
 

 Figure 20: Symmetrical buckling mode of three-hinged circular arch    (Timoshenko & 

Gere. 1961). 

In all cases mentioned above, the critical load can be calculated as follow, 

 𝑞𝑐𝑟 = 𝛾1

𝐸𝐼

𝑅3
 ( 12 ) 

where 𝛾1is a factor depends on the center angle of the arch and  number of 

hinges. It can be taken from Table 4. 

Table 4: Factor 𝛾1 for uniformly compressed circular arches of constant cross-section (Timoshenko 

and M.Gere,1961). 

2𝛼 

(degree) 
No hinge One hinge Two hinges Three hinges 

30 294 162 143 108 

60 73.3 40.2 35.0 27.6 

90 32.4 17.4 15.0 12.0 

120 18.1 10.2 8.00 6.75 

150 11.5 6.56 4.76 4.32 

180 8.0 4.61 3.00 3.00 

For practical use it is more convenient to calculate the critical load as a 

function of the span 𝑙 and the rise ℎ. Then equation 12 can be written as 

 𝑞𝑐𝑟 = 𝛾2

𝐸𝐼

𝑙3
 ( 13 ) 

where  factor  𝛾2depends on the ratio 
ℎ

𝑙
 and  the number of hinges, see Table 

5. 
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Table 5: Factor 𝛾2 for uniformly compressed circular arches of constant cross-section (Timoshenko 

and M.Gere,1961). 

ℎ

𝑙
 

 

No hinges One hinge Two hinges Three hinges 

0.1 58.9 33 28.4 22.2 

0.2 90.4 50 39.3 33.5 

0.3 93.4 52 40.9 34.9 

0.4 80.7 46 32.8 30.2 

0.5 64.0 37 24.0 24.0 

It can be observed from Table 4 and Table 5 that the critical load decreases with 

increased number of hinges except for an arch with the span/length ratio 

(
ℎ

𝑙
= 0.5) where the critical load is the same for both two-and three-hinged 

arches. 

3.12 Lateral buckling 

3.12.1 Lateral-torsional buckling of beam 

Lateral-torsional buckling occurs in beams when the compression zone is 

free to displace laterally. Once the bending moment, which is generated by 

applied load, becomes bigger than the critical buckling moment (𝑀𝑐𝑟) the 

beam will buckle laterally and twist as illustrated in Figure 21. 

 

Figure 21: Lateral-torsional buckling of a beam (American Forest and Paper Association, 2003). 

It is vital to check not only the individual beam for a sufficient bracing, but 

also the whole structure. 

The critical buckling moment  (𝑀𝑐𝑟) for an unrestrained beam with 

rectangular cross-section subjected to pure bending moment about its strong 

axis can be calculated as 
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 𝑀𝑐,𝑟 =
𝜋

𝑙
∙ √𝐸 ∙ 𝐼𝑧 ∙ 𝐺 ∙ 𝐾𝑣 ( 14 ) 

where E is modulus of elasticity, Iz is moment of inertia with respect to the 

weak axis, G is shear modulus, 𝑙 is length of beam and Kv is torsional 

stiffness factor. For slender beams the this factor can be considered as, 

Kv ≈
𝑏3∙ℎ

3
. 

3.12.2 Lateral-torsional buckling of arches 

Arches are primarily subjected to axial compressive stresses so the risk of 

buckling can be high. In addition, some load cases produce bending moment 

which significantly increases the risk of lateral-torsional buckling. As stated 

previously, Eurocode offer limited design assistance regarding lateral-

torsional buckling of curved structures, therefore frequently; approximations 

are used to address this phenomenon. 
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4. Method 

4.1 Finite Element Method (FEM) 

The main method used in this master dissertation is the finite element 

method. The commercial finite element program, Abaqus® is used for all 

numerical analysis of the studied wood structures. Moreover, Eurocode is 

also used to address if the structural elements fulfil the combined stress and 

stability criteria given in the code. 

Problems taking place in engineering mechanics involves many types of 

differential equations. Some of these equations can be solved analytically 

but most engineering problems are too complicated to be solved analytically 

(Ottosen & Petersson, 1992, p. 387). In the latter situation numerical 

simulations are needed to approximate the exact solutions. 

The finite element method is based on dividing the studied body into small 

parts called finite elements. The behaviour of the small elements can be 

defined simpler in comparison to the entire body (Ottosen & Petersson, 1992, 

p. 27). Once the behaviour of the elements has been obtained; these elements 

are assembled together according to special methods for meshing, which 

make it possible to predict the behaviour of the entire structure, see (Ottosen 

& Petersson 1992) for in-depth understanding of the FE method. 

As mentioned earlier the finite element method is a numerical method used 

to solve  all kind of arbitrary differential equations  governing e.g. heat 

conduction, moisture flow, two- and three dimensional elastic bodies, beam 

bending, structural buckling, non-linear stress problems etc. 

4.1.1 Linear buckling analysis 

For  stability problems it is of interest to look for the load situation for which 

the model stiffness matrix becomes singular, which means that the problem 

has nontrivial solution, this can be defined as, 

 𝐾𝑀𝑁 ∙ 𝑉𝑀𝑁 = 0 ( 15 ) 

where KMN is the tangent stiffness matrix for the applied load and VMN 

nontrivial displacement solution. 

Linear buckling analysis can be used to provide the critical buckling load 

(see Abaqus 6.13, 2013). Furthermore, the buckling analysis can also 

provide decent information regarding the estimation of collapse modes. 

This bifurcation state can be expressed as an eigenvalue problem, 

 (𝐾0
𝑀𝑁 + 𝜆𝑖𝐾𝛥

𝑀𝑁)𝑉𝑖
𝑀 = 0 ( 16 ) 
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where K0
MNis the stiffness matrix related to base state, KΔ

MN is the geometric 

stiffness matrix owing to incremental load, λi is eigenvalue which gives 

information about the magnitude of load at which the first buckling mode 

occurs,  Vi
M buckling mode shape, and  𝑖  marks 𝑖𝑡ℎ buckling mode. It should 

be noticed that when buckling analysis is conducted the lowest value of 𝜆𝑖 is 

of interest. 

It is worth mentioning that the buckling mode shapes are normalized vectors 

(i.e. the maximum lateral displacement is normalised to 1) so that they are 

not representing real magnitude of displacement at critical load. 

Two different methods can be used to compute the in-plane buckling length 

for two-and three-hinged circular arches: 

1. Buckling  length based on FE method (Linear buckling analysis) 

2.  Buckling length based on simple approximation (Timber 

Engineering Step 2 1995) 

4.1.1.1 Buckling length based on FE method 

In this method, it is assumed that the structure only experience in- plane 

buckling because the bracing system has been arranged so that the out -of- 

plane buckling does not take place in the structure, see Figure 44. The 

eigenvalues and stresses obtained in different numerical simulations will be 

used to compute the effective buckling length for the mentioned structures. 

4.1.2 Buckling length based on approximation  

For two-and there-hinged arches with a span and length ratio  
ℎ

𝑙
 between 

0.15 − 0.5 and having constant cross-sectional shape the effective buckling 

length in the arch plane can be calculated according to the approximation 

method in (Timber Engineering step 2 1995) as, 

 

 

 
𝑙𝑒𝑓 = 1.25 ∙ 𝑠 

 

( 17 ) 

where s denotes the half length of the arch in [𝑚]. 
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4.1.3 Geometric non-linear stress analysis 

Stresses and deformations of products can be analyzed using nonlinear stress 

analysis under the most general loading and material condition for e.g.: 

1. Dynamic loading  

2. Large component deformations 

3. Nonlinear materials, such as rubber or metals, beyond their yield 

point (SOLIDWORKS 2016) 

In this master dissertation a geometric non-linear stress model of the circular 

arched structures will be created to compute the forces acting in the bracing 

system. These stress simulations will use initial imperfections based on the 

first buckling modes in the linear buckling analysis. 

4.2 Type of elements 

The geometry of the structure is divided into finite number of elements. 

There are numerous types of elements appropriate for different types of 

problems.  

4.2.1 Elements characterizing 

According to Abaqus 6.13, 2013 finite element behaviour can be 

characterized by the following five features, 

1. Family 

2. Degrees of freedom 

3. Number of nodes 

4. Formulation 

5. Integration 

Three types of elements are suitable for modelling of an arch. These 

elements are defined as follow, 
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Figure 22: Elements which are commonly used in structural engineering (Abaqus 6.13, 2013). 

One of the most important variables computed during the analysis are 

degrees of freedom (DOF). For two and three dimensional stress analysis the 

degrees of freedom are representing nodal displacements while for the beam 

and shell elements, the degrees of freedom are both displacements and 

rotations at each node (see Abaqus 6.13, 2013). It should be bear in mind 

that the displacements are only computed at the nodes of the elements. At 

any other points, the displacements are determined by interpolating between 

nodal points. The number of nodes can be different for obtaining linear and 

quadratic variation of the variables over the elements, see Figure 23a) and 

b). 

 

 

  

a) Linear element b) Quadratic element 

Figure 23: Solid elements in brick shapes of having 8 and 20 nodes (Abaqus 6.13, 2013). 



32 

Rafiullah Sherzad and Awrangzib Imamzada 

5. Geometry, Material and Action on the studied Arches 

5.1 Geometry  

The arches are fixed, two-and three-hinged circular shaped with the rise-

span ratio 0.5. The span length of the arches is about 30m and the cross-

sectional dimension is constant along the arch axis 675𝑥165 mm, see Figure 

24. On account of the slenderness of the cross-section and magnitude of the 

load, lateral supports are considered along the extrados and intrados of the 

arch, see Figure 36. 

 

 

 

Figure 24: Geometry, boundary conditions and cross sectional dimensions of the arches 

5.2 Material data 

Material used in this project is a homogenous glulam of Eurocode class 

𝐺𝐿32ℎ. The chosen glulam class has the following properties (SS-EN 1194).  

 

Characteristic bending strength parallel to grain  𝑓𝑚,𝑘 = 32 𝑀𝑃𝑎 

Characteristic compressive strength parallel to grain  𝑓𝑐,0,𝑘 = 29 𝑀𝑃𝑎 

Characteristic modulus of elasticity  𝐸0,𝑘 = 11100 𝑀𝑃𝑎 

Mean modulus of elasticity  𝐸0,𝑚𝑒𝑎𝑛 = 13700 𝑀𝑃𝑎 

Mean shear modulus 𝐺𝑚𝑒𝑎𝑛 = 850 𝑀𝑃𝑎 

5.3 Loading 

5.3.1 Design Loads 

The design loads are calculated using load cases and distribution stated in 

the Eurocode 0 and 1 for structural design. The load cases consider 

permanent actions and variable actions in order to standardize building 

requirements. Typically, variable loads vary over the span of time. It 

comprises wind, snow and imposed loads resting upon of occupancy. 

29.325 m

0
.6

7
5

0.165
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5.3.1.1 Permanent Load 

The self-weight of a structure is exhibited by permanent loads. As it is stated 

in section 4.7.1, the cross-section is constant along the length of the arch, 

thus the permanent load is simplified to a uniformly distributed load, see 

Figure 25. 

 

Figure 25: Circular arch with permanent load as uniformly distributed. 

The self-weigh of the arch is computed as follow, 

 𝑞𝑑𝑒𝑎𝑑_𝑙𝑜𝑎𝑑 = 𝐴 ∙ 𝜌 ∙ 𝑔  ( 18 ) 

where 𝜌 is density of the timber in [
𝑘𝑔

𝑚3], the value of 𝜌 is 420 
𝑘𝑔

𝑚3 for 𝐺𝐿32ℎ  

g is the acceleration of gravity (10 
𝑚

𝑠𝑒𝑐2) and   𝐴 is the cross-section area of 

the circular arch in [𝑚2] . 

qdead_load = 0.675 ∙ 0.165 ∙ 420 ∙ 10 = 467.8
N

m
 

5.3.1.2 Snow Load 

The snow load on the roof is computed by multiplying the snow load on the 

ground by a ground-to-roof conversion factor (coefficient), which is a shape 

factor. Due to the fact that the coefficient varies with roof shapes, 

temperature, snow type (wet or dry), wind direction and wind speed, it is not 

possible to determine accurately. However, tables are provided in design 

codes to take these coefficients for typical roof shapes. 

The snow load on the roof is computed according to Eurocode EN 1991-1-3 

as follow, 

 

 

𝑠 = 𝜇𝑖 ∙ 𝐶𝑒 ∙ 𝐶𝑖 ∙ 𝑠𝑘 

 

( 19 ) 

q
dead_load
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where 𝐶𝑒 is exposure coefficient according to EN1991-1-3 Table 5.1, and it 

is taken 1.0 for normal topography, 𝐶𝑖 is thermal coefficient, here assumed 

1.0 and 𝑠𝑘 is characteristic snow load on the ground. For a building situated 

in Växjö 𝑠𝑘   is given in EKS 9 Table C-9.  

𝑠𝑘 = 2000.0
𝑁

𝑚2
 

The roof coefficients for a circular roof can be computed according to EN 

1991-1-3, see Figure 26. 

 

Figure 26: Presents snow load coefficient for a cylindrical shaped roof (EN 1991-1-3). 

For a circular shaped building with a height of 15m and length of 30m, the 

un-drifted load arrangement which should be considered is uniformly 

distributed with a shape coefficient 𝜇1 = 0.8 while the drifted load 

arrangement which should be used is non-uniformly distributed (triangular) 

with a shape coefficient  𝜇3 = 2.0 according to EN 1991-1-3, see Figure 27.  

 

Figure 27: Symmetric and asymmetric snow load on arch according to Eurocode. 

0.5 S 
traingular

S
traingular

S
 rectangular
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The snow load acting on the structure is calculated as follow, 

𝑠𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 = 0.8 ∙ 1 ∙ 1 ∙ 2000 = 1600 
𝑁

𝑚2
 

𝑠𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 = 2.0 ∙ 1 ∙ 1 ∙ 2000 = 4000 
𝑁

𝑚2
 

It should be noticed that in this master thesis only the triangular shaped load 

is considered for the circular shaped arch. 

Triangular distribution of snow is considered based on normalized values; 

see Figure 1and Table 1. 

An example of drifting snow load has been calculated below for the left side 

of the circular arch, to show how the triangular snow load is converted to 

normalized snow load where the rest of the load values for the snow loads 

are shown in Table 6 and Table 7. Later these snow loads are used in lieu of 

triangular shaped load in FE modelling. For the right side of the arch the 

drifting snow load is two times the snow load on the left side. 

 𝑞𝑠1,𝑘 =  4000 ∙ 𝑎𝑎𝑟𝑐 ⇒ 4000 ∙ 6 = 24000 
N

m
 

where 𝑞𝑠1,𝑘 is the maximum value of the triangular snow load distribution 

on the right side of the arches in [
N

m
] and 𝑎𝑎𝑟𝑐 is the centre to centre distance 

between arches. For the reference arch it is considered 6 m. According to 

Figure 1 and Table 1 the constant distributed snow load for the first part of 

the left side of the triangle load can be calculated as, 

 

𝑞1,𝑘 =
𝑙1 ∙ 𝑙𝑠/2

𝑑𝑙𝑎𝑟𝑐
𝑞1𝑞𝑠2,𝑘 

( 20 ) 

where q1 and l1 denote normalized snow load and normalized length taken 

from Table 1 and 𝑞𝑠2,𝑘 is the maximum value of the triangular snow load 

distribution on the left side of the arch (𝑞𝑠2,𝑘 = 0.5𝑞𝑠1,𝑘 ). 

 𝑙𝑠 denotes the total drift length of the snow load which can be computed as, 

 
𝑙𝑠 = 2 ∙ cos(30°) ∙ 𝑟 

(21) 

where 𝑟 is the radius of the circular shaped arch. 

 𝑑𝑙𝑎𝑟𝑐 denotes the arch length of the curved part where the snow load is 

acting. It can be calculated as, 
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𝑑𝑙𝑎𝑟𝑐 = 7.5° ∙

𝜋

180
∙ 𝑟 

 

( 22 ) 

For this specific example 𝑞1,𝑘 becomes 

𝑞1,𝑘 =
0.084 ∙ 25.981

2 ∙ 1.963
∙ 0.084 ∙ 12000 = 560.2 

N

m
   

The step vice snow load distribution representing the triangular load 

distribution in EC5 and their associated lengths are illustrated in in Figure 

28. 

 

Figure 28: Illustration of snow load distribution and their associated lengths. 

 

Table 6: Characteristics snow loads acting on the left side of the arch in [
𝑁

𝑚
] 

 

Drifting length 𝑚 1.09 1.29 1.48 1.64 1.74 1.85 1.92 1.96 

Load 𝑞𝑖,𝑘 

i=1,2,3…8 

560.185 2127.69 4362.40 7222.39 9925.67 8423.90 5287.46 1810.20 

 

Table 7: Characteristics snow load acting on the right side of the arch in [
𝑁

𝑚
] 

Drifting length 𝑚 1.96 1.92 1.85 1.74 1.64 1.48 1.29 1.09 

Load 𝑞𝑖,𝑘 

i=1,2,3…8 

 

3620.4 10574.9 16847.8 19851.3 14444.8 8724.79 4255.38 1120.37 

q4,k
q8,k

1.09m

q1,k

q5,k

Right side load=Left side load times 2

for each parts

1.92m

q3,k

q7,k

q2,k

q6,k

1.96m

1.74m

1.64m

1.48m

1.96m 1.64m

1.74m

1.29m

1.92m 1.48m1.09m

1.85m 1.85m 1.29m
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5.3.1.3 Wind Load 

The average wind velocity is the characteristic wind load during 10 minutes 

with the likelihood of two percent to be exceeded during a given year. The 

wind load model for the circular shaped arch structures is given in 

Eurocode1, Part1-4, see Figure 29. 

 

Figure 29: Presents wind load model for the circular arch structures (Eurocod, Part 1-4) 

External wind load pressure on the external surfaces can be obtained as 

follow, 

 

 

 

𝑤𝑒 = 𝑞𝑝(𝑧𝑒) ∙ 𝑐𝑝𝑒 

 

 

( 23 ) 

where 𝑞𝑝(𝑧𝑒) is the characteristic wind pressure in [
𝑁

𝑚2] on the reference 

height 𝑧𝑒 that can be acquired based on wind speed 𝑣𝑏 and terrain type,𝑐𝑝𝑒 is 

an external pressure coefficient  which is based on building shape. The 

values of 𝑐𝑝𝑒 are provided in Eurocode both for 𝑐𝑝𝑒,1 and 𝑐𝑝𝑒,10. The 𝑐𝑝𝑒,1 

value is the average value for  1 𝑚2 area and this can be used for checking 

the local effects. The second value 𝑐𝑝𝑒,10 is the average value for 10 𝑚2 area 

and it is used for checking the general effects. 

Since the building is located in Växjö within urban area (terrain type ΙΙΙ), the 

wind speed 𝑣𝑏 is taken from EKS 9 Table C-10.  

𝑣𝑏 = 24
𝑚

𝑠𝑒𝑐
 

The characteristic wind pressure 𝑞𝑝(𝑧𝑒) for a building with the height of 

15m and an assumed site location (terrain type ΙΙΙ) is taken from EKS 9 

Table C-10a 

𝑞𝑝(𝑧𝑒) = 660 
𝑁

𝑚2
 

The external wind pressure coefficient for a circular shaped roof is obtained 

based on height-span-ratio according to Eurocode 1, Part1-4, and Figure7-

11. 
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For the height-span-ratio 
𝑓

𝑑
= 0.5 and 

ℎ

𝑑
= 0 the external pressure coefficient 

for different zones 𝐴, 𝐵 and 𝐶 is taken from Eurocode1, Part1-4 as follow, 

𝑐𝑝𝑒,10,𝐴 = 0.8,    𝑐𝑝𝑒,10,𝐵 = −1.2,    𝑐𝑝𝑒,10,𝐶 = −0.4    

So that the external wind load acting on the arch is obtained as, 

𝑤𝑒,𝐴 = 660 ∙ 0.8 = 528  
𝑁

𝑚2
 

𝑤𝑒,𝐵 = 660 ∙ (−1.2) = −792  
𝑁

𝑚2
 

𝑤𝑒,𝐶 = 660 ∙ (−0.4) = −264  
𝑁

𝑚2
 

To change them to line load, they have to be multiplied by center to center 

space between arches, which is considered 6m. 

𝑤𝑒,𝐴 = 528 ∙ 6 = 3168  
𝑁

𝑚
 

𝑤𝑒,𝐵 = −792 ∙ 6 = −4752  
𝑁

𝑚
 

𝑤𝑒,𝐶 = −264 ∙ 6 = −1584 
𝑁

𝑚
 

The internal wind pressure acting on internal surfaces can be acquired from, 

 

 
𝑤𝑒𝑖 = 𝑞𝑝(𝑧𝑒) ∙ 𝑐𝑝𝑖 

 

( 24 ) 

where  𝑐𝑝𝑖 is the internal pressure coefficient which is based on the amount 

of openings in a building. The internal wind pressure is not covered in this 

report, so that the external wind load is shown in Figure 30. 
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Figure 30: Characteristic wind load acting on the arch 

The arch structure is submitted to three types of loads (self-weight, snow 

and wind) calculated above and shown in in Figure 31. 

 

Figure 31: Characteristic loads acting on the arch. 

5.3.2 Load Combination 

It is understood that all the load types are not acting on the structures 

simultaneously. It is therefore combinations of these loads are considered for 

a structural design. Eurocode provides load combination factors to reduce 

the combined effects of variable loads. These factors are multiplied with any 

variable loads apart from self-weight of the structure. The recommended 

load combination factors for snow and wind loads are 𝜓0 = 0.7 and 

𝜓0 = 0.3 , respectively according to EN 1990 Table A1.1. 

Two different load combinations are considered in this master dissertation, 

with snow as a leading action and with wind as a leading action. These two 

load combinations are constructed as follow, 

4752 N/m

1584N/m

s
/4s

/4

3168 N/m

s/2

s/2

s
/4s

/4

468 N/m
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24000 N/m
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1. Snow as a leading load action 

 𝐿. 𝐶1 = 𝛾𝑑 ∙ 1.2 ∙ 𝐺𝑘 + 𝛾𝑑 ∙ 1.5 ∙ 𝑄𝑘,𝑠 + 𝛾𝑑 ∙ 𝜓0 ∙ 1.5 ∙ 𝑄𝑘,𝑤 

 

( 25 ) 

where 𝐺𝑘 is characteristic permanent load in [
𝑁

𝑚
], 𝛾𝑑 is safety factor 

according to Swedish national annex; here 𝛾𝑑 is assumed to be 1.0, 𝑄𝑘,𝑠 is 

characteristic snow load in [
𝑁

𝑚
], 𝑄𝑘,𝑤 is characteristic wind load in [

𝑁

𝑚
] and 

𝜓0 is load combination factor for buildings. 

2. Wind as a leading load action 

 

 

 

𝐿. 𝐶2 = 𝛾𝑑 ∙ 1.2 ∙ 𝐺𝑘 + 𝛾𝑑 ∙ 𝜓0 ∙ 1.5 ∙ 𝑄𝑘,𝑠 + 𝛾𝑑 ∙ 1.5 ∙ 𝑄𝑘,𝑤 

 

( 26 ) 

The first load combination is used in the following simulations because it is 

assumed to causes the failure of the structure. 

Note that for the simulations the characteristic load combination is used for 

the linear buckling analysis while design load combination is used for the 

stress analysis. 
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6. Abaqus 

Many commercial FE programs are currently available on the market. They 

are either, designed for a specific or more general purpose. Specific FE 

programs are designed to expedite the workflow. Nonetheless, each FE 

programs are designed based on some assumptions which are likely to affect 

the result. 

It is, therefore, the general purpose FE program, Abacus®, has been chosen 

in this master dissertation in order to acquire reliable solutions. Abacus is 

commercial FE software that perfectly suits for FE analysis and computer-

aided engineering. 

In this study Abaqus® CAE and Abaqus® Standard has been used. 

Abaqus® CAE is used to create finite element model, submit jobs and 

evaluate the results. Abaqus® standard works out a system of equation 

explicitly at each solution (Abaqus 6.13, 2013). 

6.1 Modelling in Abaqus® 

The two-and three-hinged circular glulam arches are simulated in Abaqus®. 

Since the scope of the study is to find an optimum effective buckling length 

for the arches a parametric study has been performed. In order to expedite 

the workflow customized scripts using Python language is used to create 

parameterized input files to Abaqus® Standard.  

To simulate the mentioned arch structures in Abaqus®, the following steps 

will be executed in chronological order: 

6.1.1 Geometry 

The geometry parameters of the circular arched structures is shown in 

Table 8 and illustrated in Figure 32. 

Table 8: Geometry parameters of the parts used for the circular arched structures. 

Part Span length(m) Cross-section 

depth(m) 

Cross-section 

thickness(m) 

1 15.0 0.675 0.165 

2 15.0 0.675 0.165 

3 0.005 0.675 0.165 

4 0.005 0.675 0.165 

5 0.005 0.675 0.165 

6 0.005 0.675 0.165 
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Figure 32: Illustration of geometry of the parts used for the circular arched structures 

6.1.2 Partitions 

In order to gain better control over the mesh generation, partitions are 

created. For distribution of snow and wind load number of face partitions 

were used, see Figure 33, while for the lateral bracing members partition by 

edge was performed.  

 

Figure 33: Example of face partitions for distribution of snow and wind load. 

6.1.3 Material properties 

The main construction material used for the studied arches is GL32h. Failure 

modes of glulam can be because of bending, tension parallel to grain, shear 

failure, failure due to high stresses perpendicular to grain and instability 

failure (Thelandersson, et al., 2003,p.69). The main focus of this work is 

instability so that failures owing to plastic deformations are not taken into 

account. An elastic material model is then appropriate to be assumed, in both 

tension and compression.  
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The material properties of wood are discussed in section 3.6.1, of which an 

orthotropic material model is used in this report, and material orientation is 

modelled using cylindrical coordinate system in Abaqus®. 

Due to the spreading effects of local imperfection in glulam, a simplification 

in the material model is made by not taking into consideration the influence 

of local defects such as knots results in a homogenous material. Nonetheless, 

the strength and stiffness values used are based on European standard SS-

EN 1194 and there the effects of local defects have been taken into 

consideration. The characteristic values which are taken from Eurocode and 

Ormarsson (1999) can be seen in Table 9. 

Table 9: Material properties of glulam grade GL32h. Stiffness values are in MPa. 

𝐸𝐿 

𝑀𝑃𝑎 

𝐸𝑅, 𝐸𝑇 

𝑀𝑃𝑎 

𝑣𝐿𝑅 𝑣𝐿𝑇 𝑣𝑅𝐿 𝐺𝑅𝐿 , 𝐺𝐿𝑇 

𝑀𝑃𝑎 

𝐺𝑅𝑇 

𝑀𝑃𝑎 

13700 460 0.35(1) 0.6(1) 0.55(1) 850 34 

(1) From Ormarsson (1999) 

6.1.4 Boundary conditions 

Boundary conditions are applied to restrict movements of the arches in 

recognized nodal points. The boundary conditions and the label convention 

used in Abaqus are shown in Figure 34. 

Translation in the 1-direction (U1) Rotation around the 1-axis (UR1) 

Translation in the 2-direction (U2) Rotation around the 2-axis (UR2) 

Translation in the 3-direction (U3) Rotation around the 3-axis (UR3) 

For hinged supports the rotational degree of freedom UR3 around the axis 3 

is free to rotate while for fixed supports it is restricted. 

 
 

 

a) b) 

Figure 34:a) 1 represents pinned supports in the plane and 2 denotes hinge in the middle of the arch b) 

label convention for degree of freedoms in Abaqus. 

1

2

1
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6.1.5 Hinges 

In each end of the arch, the translations are constrained in all direction but 

for the two-and three-hinged arches the rotations are constrained with 

respect to two axes, i.e.  UR3 is free to rotate while for the fixed arch the 

rotations are constrained in all directions, see Figure 34. 

Likewise, the top hinge is pinned. In order to acquire a realistic stress 

distribution around, the top hinge it is created by aid of two small beams as 

separate parts which are used to make a hinge by coupling them together 

with a kinematic pin constraint in the centre of the frame. Additionally, each 

beam is coupled with a fixed kinematic constraint to each half of the arch as 

shown in Figure 35. 

 

Figure 35: Top hinge of the arch made  by two small beams which are both coupled together and coupled to 

the shell structure through kinematic constraints. 

6.1.6 Lateral support 

To avoid lateral-torsional buckling in the arch, bracing system at the 

extrados and intrados are considered, see Figure 36. The bracing members 

are modelled as spring elements working in both tension and compression. 

The spring stiffness k is determined based on a timber beam having cross-

section 135x115mm and length of 6m as follows: 

𝑘 =
𝐸𝐴

𝐿
= 35.458

𝑀𝑁

𝑚
 

 

Figure 36: An example of location of lateral supports in the arches. 
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6.1.7 Loads 

The loads applied on the arch structure are both uniformly and triangularly 

distributed as shown in Figure 25 and 27. As stated earlier, two load 

combinations are considered, i.e. snow as a dominant load action and wind 

as a dominant load action. Self-weight and snow loads are applied parallel to 

the vertical axis while the wind load is applied normal to the extrados. 

6.1.8 Element mesh 

The element type used for the arch structure is 𝑆4 shell element. It is a fully 

integrated, general-purpose, finite-membrane-strain shell element. The 

element has four integration points in comparison with one integration point 

for 𝑆4𝑅. This makes the element integrations more exact but 

computationally more expensive, see Abaqus Analysis User’s Guide for in-

depth understanding of the element. 

Linear quadratic element mesh is used for the arch structure as shown in 

Figure 37. 

 

Figure 37: Element mesh used for the circular glulam arches. 

Timoshenko beam element (B32) is used for beams. This type of element 

can be used for both thick and slender beam, see Abaqus Analysis User’s 

Guide for in-depth understanding of B32 element. 

6.1.9 Visualization of the simulation results 

When the model is thoroughly completed, a job is created and submitted for 

the linear buckling analysis. Based on the first buckling mode as an initial 

imperfection a non-linear stress analysis is carried out. The linear buckling 

analysis and the non-linear stress analysis are explicitly described in section 

4.2.1 and 4.1.3 

In the visualization module, colour plots and diagrams of the numerical 

results can be exhibited.  
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7. Results and Analysis 

In this chapter the numerical results which are obtained from the arches 

simulations are presented and analyzed. 

The main scope of this work is to calculate an optimal buckling length for 

fixed, two- and three-hinged circular arches. Therefore a number of arches 

are modeled in Abaqus to investigate the effect of lateral supports (bracing), 

number of hinges and boundary condition on buckling length.  

7.1 Effects of lateral supports and hinges on buckling modes 

To study the effect of the lateral supports on buckling modes, a number of 

fixed, two- and three-hinged circular arches with various numbers of lateral 

supports were simulated, see Table 10. In the first simulation only four 

bracings were used i.e. two in the extrados of the circular arch and two in the 

intrados. For the other simulations the number of lateral supports was 

increased consecutively. 

For the first 10 simulations, the lateral bracing supports are increased from 4 

to 22 in the extrados while the two supports at the intrados are kept fixed. 

Figure 38-41 show low eigenvalues which remains almost constant due to 

lateral torsional buckling of the free intrados of the arch. To increase the 

buckling capacity of the arches, lateral supports are increased consecutively 

from 2 to 12 in the intrados. Figure 38-41 show the eigenvalue being 

increased dramatically. It concludes that for this type of structures, it is 

necessary to place lateral supports both at the intrados and the extrados.  
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Figure 38: Eigenvalue vs number of bracing members and their associated top view of eigenmodes (Fixed 

circular arch). 

 

Figure 39: Eigenvalue vs number of bracing members and their associated top view of eigenmodes (Two-

hinged circilar arch ). 
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Figure 40: Eigenvalue vs number of bracing members and their associated top view of eigenmodes (Three-

hinged circilar arch ). 

Thereafter the number of lateral supports is increased consecutively up to 

52.  It should be bore in mind that the number of lateral supports is kept 12 

in the intrados while the number of lateral supports is consecutively 

increased to 40 in the extrados. 

For the studied arches, it was realized that not only the number of lateral 

supports but also the position of bracing along the length of the arch plays a 

major role in the stability of the structure. This can be seen in Figure 41 and 

Table 10, with increasing the number of lateral members, the eigenvalue is 

not increasing linearly (two-and three-hinged). However, in case of fixed 

arch the eigenvalue is increasing linearly.  

Furthermore, Figure 41 shows that the buckling capacity of the arches 

notably decreases with increased number of hinges. Appendix 1 shows 75 

diagrams for all the associated eigenmodes of the studied arches. 
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Figure 41: Eigenvalue vs number of bracing members. 

Table 10: Number of lateral bracing members and corresponding eigenvalues. 
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Number of bracings members 

Fixed Circular Arch

Three-hinged Circular arch

Two-hinged Circular arch

Model 
Number of 

bracings 

Fixed Circular 

arch 

Two-hinged 

circular arch 

Three-hinged 

circular arch 

Eigenvalue Eigenvalue Eigenvalue 

1 4 0.7685 0.8157 0.9979 

2 6 1.8439 1.6920 1.7262 

3 8 3.6039 2.8218 1.9825 

4 10 3.8163 2.8417 2.0322 

5 12 4.4281 2.9187 2.0612 

6 14 4.5733 2.9464 2.0731 

7 16 4.6249 2.9543 2.0798 

8 18 4.6369 2.9693 2.0841 

9 20 4.6457 4.1530 2.0853 

10 22 4.6579 5.8604 2.0885 

Lateral supports are kept 20 in the extrados  and the number of bracings in the 

intrados are increased to 32 

11 24 6.5478 6.7697 3.4206 

12 26 9.2071 7.1924 4.6356 

13 28 9.5201 7.4557 5.3276 

14 30 10.891 7.3015 6.1177 

15 32 12.2670 5.9238 6.7507 
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7.2 In-plane buckling 

7.2.1 Buckling length based on a simple approximation 

Based on the approximation method presented in Chapter 4.1.2 the effective 

buckling length for the studied two-and three-hinged arches can be acquired 

using equation 19. 

 

𝑙𝑒𝑓 = 1.25 ∙ 0.5 ∙ 𝜋 ∙ 15 = 29.452 𝑚 

7.2.2 Buckling length based on buckling simulations 

For the two-hinged arches the first in-plane buckling occurred when the 

number of bracings was 26 i.e. 16 in the extrados and 10 in the intrados, see 

Figure 42. While for three-hinged arches the first in-plane buckling mode 

happened when the number of lateral supports was 32 i.e. 20 in the extrados 

and 12 in intrados, see Figure 43. 

 

Lateral supports are kept 12 in the intrados and the number of bracings in the 

extrados are increased to 52 

16 34 12.3470 7.5484 6.8306 

17 36 12.4200 6.6416 6.8552 

18 38 12.4720 7.6624 6.8693 

19 40 12.5080 7.4877 4.7778 

20 42 12.5440 6.9663 6.8931 

21 44 12.5640 7.0219 6.9013 

22 46 12.599 4.9814 6.9080 

23 48 12.6230 7.726 6.9186 

24 50 12.6430 6.7581 6.9219 

25 52 12.6660 7.7417 6.1302 
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Figure 42: Illustration of lateral supports needed for in-plane buckling of the two-hinged arch. 

 

Figure 43: Illustration of lateral supports needed for in-plane buckling of the three-hinged arch. 

 

      Buckling length for the two hinged arch 

Characteristic loads have been used in the simulations to obtain eigenvalue 

𝛼𝑘 and characteristic normal stress 𝜎𝑐,𝑘. The normal force needed for 

calculation of 𝜎𝑐,𝑘 has been taken at a location where the maximum buckling 

occurred, see Figure 44. 

. 
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Figure 44: First in-plane buckling mode. 

Based on the simulated eigenvalue 𝛼𝑘 = 7.192 and the characteristic normal 

stress 𝜎𝑐,𝑘 = 0.944 MP𝑎  

The instability factor 𝑘𝑐,𝑦 is computed according to EC5 as, 

 

 𝑘𝑐,𝑦 =
1

𝑘 + √𝑘2 − 𝜆𝑟𝑒𝑙,𝑦
2

=
1

2.73 + √2.732 − 2.072

= 0.22  for 𝜆𝑟𝑒𝑙,𝑦 > 0.3      

 

( 27 ) 

where 𝜆𝑟𝑒𝑙,𝑦  is the relative slenderness ratio which can be computed  with 

the simulated eigenvalue and stress as,  

 

 
𝜆𝑟𝑒𝑙,𝑦 = √

𝑓𝑐,𝑜,𝑘

𝛼𝑘 ∙ 𝜎𝑐,𝑘 
= √

29

7.192 ∙ 0.944  
= 2.07 

 

( 28 ) 

where 𝑓𝑐,𝑜,𝑘 is characteristic compressive strength parallel to grain. Factor k 

in equation 29 is calculated according EC5 as, 

 

 

 

𝑘 = 0.5 ∙ (1 + 𝛽𝑐(𝜆𝑟𝑒𝑙,𝑦 − 0.3) + 𝜆𝑟𝑒𝑙,𝑦
2 ) 

= 0.5 ∙ (1 + 0.1 ∙ (2.07 − 0.3) + 2.072) = 2.73     

 

( 29 ) 

where 𝛽𝑐 = 0.1 for glued-laminated timber. 

According to EC5 the buckling length 𝑙𝑒𝑓,𝑦 is given as 
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𝑙𝑒𝑓,𝑦 =

𝜆𝑟𝑒𝑙,𝑦𝑖𝑦𝜋

√
𝑓𝑐,0,𝑘

𝐸𝑘

=
2.07 ∙ 0.195 ∙ 𝜋

√ 29.0
11100

= 24.74 [𝑚] 
(30) 

where 𝑖𝑦 is radius of gyration given by 

𝑖 = √
𝐼

𝐴
=

0.675

√12
= 0.195 [m] 

Buckling lengths for the three-hinged and  fixed arches 

As for the two-hinged arch the buckling lengths for the three-hinged and the 

fixed arches are calculated based on simulated eigenvalues 𝛼𝑘 and 

characteristic compressive stresses 𝜎𝑐,𝑘. 

Three-hinged arch: 

 

𝛼𝑘 = 6.750 

𝜎𝑐,𝑘 = 0.944 MP𝑎 

Fixed arch: 

  
𝛼𝑘 = 21.253 

𝜎𝑐,𝑘 = 0.975 MP𝑎 

Based on the same procedure carried out for the two-hinged arch the 

effective buckling lengths for three-hinged and fixed arches become as: 

 

𝑙𝑒𝑓,𝑦 = 25.55 𝑚 (Three-hinged arch) 

  𝑙𝑒𝑓,𝑦 = 14.16 𝑚 (Rotational fixed arch) 

7.2.3 Strength Verification 

     Two-hinged arch 

For all the arches the strength validations are performed according to 

equation 31. This equation is applicable as long as in-plane buckling and 

axial loading occur. 

 

𝜎𝑐,0,𝑑

𝑘𝑐,𝑦 ∙ 𝑓𝑐,0,𝑑
+

𝜎𝑚,y,𝑑

𝑓𝑚,𝑑
≤ 𝑘𝑟     

 

(31) 
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where 𝜎𝑐,0,𝑑 denotes design compressive stress, 𝜎𝑚,𝑦,𝑑 denotes design 

bending stress ,  𝑓𝑐,0,𝑑 is the design compressive strength and 𝑓𝑚,𝑑 is the 

design bending strength and 𝑘𝑟 is a reduction factor which takes into account 

the effect of bending stress which are generated during the moulding 

procedure of the arches. The EC5 requirement is as follows, 

 if 
𝑟𝑖𝑛

𝑡
≤ 240, no reduction is required. 

 if 
𝑟𝑖𝑛

𝑡
> 240 , 𝑘𝑟 = 0.76 + 0.001 ∙

𝑟𝑖𝑛

𝑡
 

where 𝑟𝑖𝑛 is the inner radius of the arch (𝑟𝑖𝑛 = 14.325 m), 𝑡 is the thickness 

of the lamination (assumed to be 33mm), thus 𝑘𝑟 = 0.750. 𝑘𝑐,𝑦 is the 

instability factor for in-plane buckling. Equation 32 is used to obtain design 

strengths 𝑓𝑐,0,𝑑 and 𝑓𝑚,𝑑 based on the characteristic strength values. 

 

 𝑓𝑑 = 𝑘𝑚𝑜𝑑

𝑓𝑘
𝛾𝑀

      

 

(32) 

where 𝑓𝑘 marks characteristic strengths,  𝑘𝑚𝑜𝑑 is a modification factor that 

takes into consideration the effect of load duration and moisture content, see  

Table 3.1 in EC5. Since medium term load duration is considered for the 

structure, 𝑘𝑚𝑜𝑑 = 0.8 and 𝛾𝑀 is the partial coefficient for the glued 

laminated timber, 𝛾𝑀 = 1.25. 

Insertion of the above mentioned parameters into the equation 32, it will be 

obtained, 

𝑓𝑐,0,𝑑 = 18.56 MPa  and  𝑓𝑚,𝑑 = 20.48 MPa 

The bending and normal stresses needed in equation 31 have to be separated 

from the simulated normal stress variation shown in Figure 45. 
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Figure 45: A contour plot for the normal stresses in the arch. 

 

Figures 46 and 47 show path plots for the normal stress variation along the 

extrados, intrados and the centre line of the glulam arch.  

 

Figure 46: Normal stress variation along the extrados and intrados of the two-hinged arch. 

 

Figure 47: Normal stress variation along the centre line of the arch. 
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Figure 48 shows an example of how the simulated normal stress variation over 

the cross section is divided into pure normal stress and bending stress. 

 

Figure 48:  a) Simulated normalstress variation over the cross section A-A b) Normal stress c,0,d in 

equation 31 c) Bending stesses m,d in equation 31. 

For the cross section A-A the design bending stress is calculated as,  

𝜎𝑚,0,𝑑 =
3.64 + 0.89

2
= 2.27 MPa 

and the compression stress is taken directly from Figure 48: 

𝜎𝑐,0,𝑑 = 1.44 MPa 

The design criterion for the cross section A-A yields:  

1.44

0.22 ∙ 18.56
+

2.27 

20.48
= 0.46 ≤ 0.750        

This shows that the strength criterion is fulfilled for cross section A-A. 

Generally all critical cross sections for the arch need to be checked. 

 

      Three-hinged arch 

The steps, which have been executed for the two-hinged arch, were 

performed for the three-hinged arch. Design bending and compressive 

stresses are calculated from the simulated normal stresses shown in Figure 

49 and 50. 

1.441 106 Pa

b)

3640400 Pa

Design normal stresses

a)

System Line

1.441 106 Pa

c)

5.081 106 Pa

886000 Pa

=

2.327 106 Pa

+
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Figure 49: Normal stress variation along the extrados and intrados of the three-hinged arch 

 

Figure 50: Normal stress variation along the centre line of the arch. 

 

Based on the stress variations shown in figures 49 and 50 the stress criterion 

yields: 

1.44

0.21 ∙ 18.56
+

3.9

20.48
= 0.560 < 0.750  ⇒  ok      

7.4 Out-of-plane buckling 

In section 7.2.1 and 7.2.2 the effective buckling length for two-and three-

hinged circular arches, was calculated by two different methods, based on 

in-plane buckling. The numbers of bracing members were increased until the 

buckling occurred in the plane of arch. However, in case of out-of-plane 

buckling the design procedure consider both lateral buckling and lateral 

torsional buckling using the so-called instability factors 𝑘𝑐,𝑧 , and 𝑘𝑐𝑟𝑖𝑡. In 



58 

Rafiullah Sherzad and Awrangzib Imamzada 

order to get the out-of-plane buckling, the numbers of bracing members are 

limited to 14 on the upper edge and 6 on the inner edge for the both types of 

arches, see Figure 51.  

  

 

Figure 51: Illustration of lateral supports used for two-and three-hinged arches. 

Based on the asymmetric load condition shown in Figure 27, stresses and 

corresponding out-of-plane buckling modes are simulated. Figure 52 and 53 

show the first buckling mode for the two-hinged arch and the three-hinged 

arch. To better illustrate the buckling shapes two different views are shown 

in the figures. 

 

Figure 52: a) First out-of-plane buckling mode for two-hinged arch, b) Top view of the first out-of-plane 

buckling mode . 
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Figure 53: First out-of-plane buckling mode for three hinged arch, b) Top view of the first out-of-plane 

buckling mode . 

To compute the instability factors 𝑘𝑐,𝑧, and 𝑘𝑐𝑟𝑖𝑡  two lengths related to 

lateral buckling and lateral torsional buckling need to be defined. To 

calculate these lengths the buckling results for the braced arch structures are 

used. The simplest way is to plot the bending moment and the twisting 

moment variation which corresponds to the buckling modes and measure the 

lengths between the zero moment points.  

In order to acquire these lengths, first it is necessary to explain 𝑆𝑀1 and 

𝑆𝑀3 in Abaqus. 𝑆𝑀1 represents bending moment about the weak axis of the 

cross section and  𝑆𝑀3 represents twisting moment. In order to acquire these 

lengths, path plots need to be created along the centre axis of the arch for 

𝑆𝑀1 and 𝑆𝑀3.  The buckling length and the ‘effective (lateral torsional) 

length’ from 𝑆𝑀1 and 𝑆𝑀3 graphs are measured between the zero moment 

points in the critical sections, see Figure 54 and 55.                                        
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Figure 54: Variation in bending moment (SM1) corresponding to the first out-of-plane buckling mode for 

the two-hinged  arch. 

 

Figure 55: Variation in twisting moment  (SM3) corresponding to the first out-of-plane buckling mode for 

two-hinged circular arch. 

In similar manner, same types of graphs have been plotted for the three-

hinged arch in Figure 56 and Figure 57. 
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 Figure 56: Variation in bending moment  (SM1) corresponding to the first out-of-plane 

buckling mode for three-hinged arch. 

 

Figure 57: Variation in twisting moment SM3 corresponding to the first out-of-plane buckling mode for 

three-hinged circular arch. 
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7.4.1 Strength verification for out-of-plane buckling 

Two-hinged circular arch 

For out-of-plane buckling the strength validation can be done according to 

equation 33 and 34 stated in EC5. 

  

 

𝜎𝑐,0,𝑑

𝑘𝑐,𝑧 ∙ 𝑓𝑐,0,𝑑
+ 𝑘𝑚

𝜎𝑚,y,𝑑

𝑓𝑚,y,𝑑
+

𝜎𝑚,z,𝑑

𝑓𝑚,z,𝑑
≤ 1:  𝜆𝑟𝑒𝑙,𝑚 ≤ 0.75  

 

(33) 

 

𝜎𝑐,𝑑

𝑘𝑐,𝑧 ∙ 𝑓𝑐,0,𝑑
+ (

𝜎𝑚,𝑦,𝑑

𝑘𝑐𝑟𝑖𝑡𝑓𝑚,y,𝑑
)

2

≤ 1:  𝜆𝑟𝑒𝑙,𝑚 > 0.75  

 

(34) 

where  𝜆𝑟𝑒𝑙,𝑚 is relative slenderness ratio for bending about the major axis 

and can be calculated by equation 35, 𝑘𝑐,𝑧 and 𝑘𝑐𝑟𝑖𝑡 are instability factors, 

𝜎𝑐,0,𝑑 and 𝜎𝑚,y,𝑑 are design compressive and bending stresses, respectively 

and their values are obtained by hand or by the numerical simulations, 𝑓𝑚,y,𝑑 

and 𝑓𝑐,0,𝑑 are design bending and compressive strengths, respectively and 

𝑘𝑚 is a reduction factor that takes into consideration the influence of 

variation in material properties for rectangular cross sections. It is 0.7 for 

rectangular cross-section. Design bending and compressive strengths have 

been computed in section 7.2.3. The relative slenderness ratio can be 

calculated as, 

 

 

 

 
𝜆𝑟𝑒𝑙,𝑚 = √

𝑓𝑚,𝑘

𝜎𝑚,𝑐𝑟𝑖𝑡
       

 

(35) 

where 𝜎𝑐𝑟𝑖𝑡,𝑚 denotes critical bending stress for a moment loaded beam. It is 

computed according to equation 36, which is given in EC5 as, 

 
𝜎𝑚,𝑐𝑟𝑖𝑡 = 0.78

𝑏2 ∙ 𝐸0,05

𝑙𝑡𝑤 ∙ ℎ
   

 

(36) 
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where 𝐸0,05 is the characteristic  modulus of elasticity for the material refer 

to section 5.2, b and h are width and depth of the cross-section, refer to 

section 5.1. 

It merits mentioning that in equation 36 effective (lateral torsionl) length 𝑙𝑡𝑤 

has been used instead of 𝑙𝑒𝑓 because the twisting is dominated. 

Insertion of the known values into equation 36 and 35 yields: 

𝜎𝑚,𝑐𝑟𝑖𝑡 = 0.78 ∙
0.1652 ∙ 11100 ∙ 106

5.5 ∙ 0.675
=  63.49 MPa 

𝜆𝑟𝑒𝑙,𝑚 = √
32.0

63.49
= 0.709 

Since 𝜆𝑟𝑒𝑙,𝑚 < 0.75 , equation 33 can be used to check the strength 

validation.  

Instability factor 𝑘𝑐,𝑧 is calculated as follow, 

𝑙𝑒𝑓 = 𝑖𝑧 ∙ 𝜆 ⇒ 𝜆 = 104.972 

𝜆𝑟𝑒𝑙 =
𝜆

π
∙ √

𝑓𝑐,0,𝑘

𝐸0,05
= 1.708 

𝑘 = 0.5 ∙ (1 + 𝛽𝑐(𝜆𝑟𝑒𝑙 − 0.3) + 𝜆𝑟𝑒𝑙
2 ) = 2.02 

𝑘𝑐,𝑧 =
1

𝑘 + √𝑘2 − 𝜆𝑟𝑒𝑙
2

= 0.320 

Design bending and compressive stresses are acquired from the stress 

simulation at the cross sections where the maximum out-of-plane buckling 

took place; see Figure 58, 59, 60, 61 and 62. 
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Figure 58: First out-of-plane buckling mode. 

. 

 

Figure 59: A contour plot of the axial design stress  in the arch. 

 

Figure 60: Normal stress variation along the extrados and intrados of the two-hinged arch. 
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Figure 61: Normal stress variation along the centre line of the arch.. 

 

Figure 62:  a) Simulated normal stress variation over the cross section A-A b) Normal stress c,0,d in 

equation 33 c) Bending stesses m,d in equation 33. 

For the cross section A-A the design bending stress is calculated as, 

𝜎𝑚,y,𝑑 =
13.992200 + 18132200

2
= 16.062 MP𝑎 

and the compression stress is taken directly from Figure 62: 

𝜎𝑐,0,𝑑 = 1.738 MPa 

The design criterion for the cross section A-A yields:  

𝜎𝑐,0,𝑑

𝑘𝑐,𝑧 ∙ 𝑓𝑐,0,𝑑
+ 𝑘𝑚

𝜎𝑚,y,𝑑

𝑓𝑚,y,𝑑
= 0.789 < 1 ⇒ 𝑜𝑘 

This shows that the strength criterion is fulfilled for cross section A-A. As 

said earlier, generally all critical cross sections for the arch need to be 

checked. 

System Line

1.738 106 Pa

c)

1.573 107 Pa 13992200 Pa

Design normal stresses

1.987 107 Pa 18132200 Pa

=

a)

1.738106 Pa

+

b)
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            Three-hinged circular arch 

To fulfil the strength criteria for the three-hinged arch, the same procedure, 

which has been done for the two-hinged arch, is performed. The design 

bending and compressive stresses are obtained from the simulations see  

Figure 63, 64, 65, 66 and 67. Relative slenderness ratio for bending is 

obtained 𝜆𝑟𝑒𝑙,𝑚 = 0.672 < 0.75, for three-hinged arch, thus equation 33 is 

used. 

Instability factor 𝑘𝑐,𝑧 is calculated in the same way as for two-hinged 

circular arch. 

 𝑘𝑐,𝑧 = 0.267 

 

 

Figure 63: First out-of-plane buckling mode for the three-hinged arch. 
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Figure 64: A contour plot of the axial design stress  in the arch. 

 

Figure 65: Normal stress variation along the extrados and intrados of the three-hinged arch 

 

Figure 66: Normal stress variation along the centre line of the arch. 
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Figure 67:  a) Simulated normal stress variation over the cross section A-A b) Normal stress c,0,d in 

equation 33 c) Bending stesses m,d in equation 33. 

For the cross section A-A the design bending stress is calculated as, 

𝜎𝑚,y,𝑑 =
17454300 + 20504300

2
= 18.979 MPa 

and the compression stress is taken directly from Figure 67: 

𝜎𝑐,0,𝑑 = 1.145 ∙  MPa 

The design criterion for the cross section A-A yields:  

𝜎𝑐,0,𝑑

𝑘𝑐,𝑧 ∙ 𝑓𝑐,0,𝑑
+ 𝑘𝑚

𝜎𝑚,y,𝑑

𝑓𝑚,y,𝑑
= 0.879 < 1 ⇒ 𝑜𝑘 

This shows that the strength criterion is fulfilled for cross section A-A. 

7.5 Geometric nonlinear stress analysis 

The bracing members between the arches require sufficient stiffness and 

strength to transfer the stability forces caused by the lateral out-of-plane 

deformations of the arches down to the foundations. To calculate the design 

forces in the bracing members a geometric nonlinear analysis of the arches is 

performed. In addition to this, the bracing system has to transfer horizontal 

wind load acting on the gable of the building down to the foundation. 

In theoretical analysis it is always easy to consider perfect geometry. 

Geometric imperfections are random in nature and they are therefore 

difficult to predict. For geometric nonlinear analysis, initial imperfections 

play an important role. 

The initial imperfections used are based on the buckling modes of the arches 

where the maximum buckling deflection is set to 
𝑙𝑒𝑓

400
 according to EC5 for 

1.145 106 Pa

+

1.145 106 Pa

Design normal stresses

System Line

a)

1.860 107 Pa 17454300 Pa

b)

2.165 107 Pa 20504300 Pa

=

c)
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glulam. The effective buckling length, which is shown in Figure 68 and 69, 

has been computed in sections 7.4.  

 

  

Figure 68: Illustration of the bucklingmode  for the three-hinged arch (a top view). 

 

 
 

Figure 69: Illustration of the bucklingmode for the two-hinged arch (a top view). 

The forces obtained in the bracing system are used to design the bracing 

system and the connections. The red lines in Figure 70 and 71 represent the 

design forces for the bracing system and the connections. In this work the 

design of connections and bracing system are not covered. 

 

Figure 70: Variation in lateral bracing forces for four different load levels acting on the two-hinged arch. 
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Figure 71: Illustration of forces acting on the bracing members in the three-hinged arch. 

The bracing forces in Figure 70 and 71 are calculated for different 

magnitude of loads. The design loads are magnified with factors two; three 

and four for the two-hinged arch and with factor two and three for the three-

hinged arch. It can be seen in the figures the nonlinear behavior increases 

significantly with increasing load. If the load is increased too much, the 

forces in the bracing system will become huge and this could result the 

sudden collapse of the structure. For the maximum load shown in the above 

figures the magnification is quite close to the eigenvalue for the buckling 

mode used for the imperfection. 
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8. 3D-simulation of the circular glulam Arches 

Instead of using elastic spring elements to simulate the overall stiffness of 

the bracing system, a full 3D simulation of two parallel arches is performed. 

The arches are connected together with a bracing truss shown in Figure 72. 

All results obtained from the 3D model will be compared with the spring 

based model in section 7.2.1. 

The straight horizontal bracing members are made of GL32h with the cross 

sectional dimension 165x165 mm and the diagonal bracing members are 

made of steel bars with a circular cross section of 40 mm in diameter. It 

should be mentioned that the cross-section for the compression members, 

which had the same axial stiffness as the elastic springs, have been changed 

from 135x115 mm to 165x165 mm because the 3D simulation showed that 

the compressed bracing member was under dimensioned. Since they were 

under dimensioned and long (6m), they buckled. The modulus of elasticity 

and Poisson’s ratio for the diagonal steel members is considered 210 GPa 

and 0.3, respectively.  

The diagonal bracings are modeled as pure tension members i.e. the material 

is defined to work only in tension. The arches are loaded exactly similar as 

in the previous simulation and the location of the lateral bracing members is 

considered the same as for the spring based model in section 7.2.1 (Two-

hinged circular arch).  

In the first simulation Arch-1 is loaded as previously and the Arch-2 is 

unloaded, see Figure 72. 

 

Figure 72: Geometry and loads subjected to the 3D arched structure (Arch-1 is loaded). 
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The linear buckling analysis is carried out and the first buckling mode 

became out-of-plane mode of the both arches, see Figure 73.  

 

Figure 73: First buckling mode of the 3D-structure. 

The first eigenvalue obtained here is 𝜆1 = 5.27 whereas it was 𝜆1 = 7.19 

for the model using elastic springs. Even though the stiffness of the bracing 

members is now greater than for the elastic spring system, the first 

eigenvalue is significantly smaller in this model. Additionally, the first 

eigenmode is out-of-plane while in the case of springs it was in-plane. This 

indicates that the springs cannot represent the real structure. 

To compare the stress variation in both arches with the stress variation in the 

arches using springs for bracing, these three normal stress variations are 

plotted in Figure 74. It can be seen in Figure 74 that there is considerable 

difference in stress variation both between the two arches (loaded and 

unloaded) and between the loaded arch and the spring based model. 

In 3D-model the loaded arch is still more compressed in comparison to the 

spring based model. This is because of the weakness of the bracing system 

in comparison to the spring model. 
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Figure 74: Normal stress variation in the arched structure. 

Arch-2 is unloaded but it is stressed, because the bracing system transfers 

the loads to Arch-2, see Figure 74. 

As the structure in Figure 72 is submitted to asymmetric load, it deformed 

unsymmetrically, see Figure 75. Figure 75 shows the unsymmetrical 

deformation behaviour of the structure under asymmetric load. 

 

Figure 75: Asymmetrical deformation of the arch a) An Ismeteric view b) A Top view. 
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In the second simulation, both arches are loaded with the same magnitude of 

load as before, see Figure 76. 

 

Figure 76: Geometry and loads subjected to the 3D arched structure. 

Figure 77 shows the first eigenmode for the studied arch structure. As 

anticipated the eigenvalue (or the critical load carrying capacity) of the 

arches dropped in comparison to the previous one where only one arch was 

loaded. The reason is clear; because in this case both of the arches are 

loaded. 

 

Figure 77: First buckling mode of the 3D-structure. 
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As previously, the normal stress states are plotted for both arches together 

with the spring based model, see Figure 78. It is noticed that the magnitude 

of normal stress are still higher in 3D model in comparison to spring based 

model. The difference is between Arch-1 and Arch-1 is because of using 

different kinematic constraints for bracing members. 

 

Figure 78: Normal stress variation in the arched structure. 

Since the structure is under the action of symmetric load, there is no out-of-

plane deformation in the structure, see Figure 79.   

 
 

Figure 79: a) An isometric view b) a top view of the first buckling mode of the 3D-structure. 
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8. Discussion 

The aim of this master dissertation was to investigate the influence of 

number of hinges; boundary condition; numbers of lateral supports on 

effective buckling length of the circular glulam arches.  

It has to be mentioned that the results from FE-model cannot be considered 

thoroughly reliable since some parameters such as moisture related stresses; 

defects, etc. are excluded from the analysis, which can affect the results. 

The FE model was created in Abaqus 6.13-2. A Number of two-and three-

hinged circular arches were simulated. The effects of different parameters 

mentioned in the previous paragraph on buckling modes were studied. 

It was shown that the bearing buckling capacity of the arches is decreasing 

with an increase in the number of hinges, see Figure 41. In addition, it was 

exhibited that the equidistant position of the lateral supports along the length 

of the arch are not always optimal, see Figure 41 and Table 10. For both 

two-and three-hanged arches, the eigenvalue are not increasing linearly with 

increased in the number of bracing members. Therefore it is of importance 

to find the optimal numbers and positions of the lateral supports along the 

length of the arch. 

 Saje Miran et al. (2013) analysed the influence of the number and the 

position of the lateral supports along the length of the arch on the critical 

buckling load for a glulam parabolic arch. They also found that the 

equidistant positions of the lateral supports along the length of the arches are 

not always optimal.  It is crucial to mention that in this master thesis only 

the equidistant positions of bracings are considered. 

Furthermore, the in-plane buckling length was calculated based on two 

different methods; approximation and FE-method. It was also shown that the 

in-plane buckling length for two-and three-hinged arches is not the same as 

it is considered based on approximation, refer to section 7.2.1 There is 

slightly different between in-plane buckling length of two-and three-hinged 

arches, see Table 11.  

It has to be stated that the approximation method overestimates the effective 

buckling length for the circular arches studied in this master thesis. Table 11 

shows the results obtained by these two different methods. 

Table 11: Buckling length obtained by two different methods for circular glulam arches. 

Buckling length (m) Approximation FE method 

Two-hinged circular arch 29.452 24.74 

Three-hinged circular arch 29.452 25.55 
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It can also be stated that the boundary conditions of the arches have 

significant influence on the buckling lengths. For the two-hinged arch the 

buckling lengths were computed for both pinned and fixed in-plane support 

conditions. The buckling lengths for these two cases (pinned and fixed in-

plane rotation) are much different. 

The 3D-simulation of the two parallel arches presented in Chapter 8 showed 

that it is not realistic to analyze only one arch from an entire structure and 

consider it to be braced with elastic spring supports with constant stiffness. 

In addition, it was realized from the stress model that the normal stress 

variation along the length of the arch structure became similar as for the arch 

braced with springs. However, in both cases studied in chapter 8, the 

eigenvalue obtained for the 3D-model was smaller than for the arch braced 

by springs. This indicates that a real bracing system for curved 3D structures 

needs to be constructed between more than one span of arches. 

 



78 

Rafiullah Sherzad and Awrangzib Imamzada 

9. Conclusions and recommendations 

Based on the numerical simulations presented, the effective buckling length 

for in-plane buckling of circular glulam arches is overestimated by the 

approximation method presented in section 4.1.2. It can be stated that the 

approximation method is on the safe side. However, to acquire more 

accurate value of the effective buckling length, use of FE method is 

recommended. Moreover, it is concluded that the position of the lateral 

supports along the length of the arch are more crucial than the number of the 

lateral support regarding the stability of circular glulam arched structure. 

This actually implies that if the lateral supports are placed in right positions 

along the length of the arch, the bearing buckling capacity of the arches 

increase. 

In addition, a numerical method, which enables us to obtain an effective 

buckling length in case of out-of-plane buckling, is presented in this master 

thesis. This method is recommended to use in order to obtain an effective 

buckling length for the circular glulam arches studied in this work. To apply 

the method for different types of arches, more work need to be done. 

Based on the 3D-simulations in Chapter 8 it is not realistic to simulate only 

one arch from an entire structure and consider it to be braced by elastic 

springs with constant stiffness based on cross sectional dimensions of the 

bracing members. A real bracing system located between two arches is 

significantly weaker to withstand the out-of-plane buckling mode than an 

arch stabilized with elastic springs. The simulations also show that the 

bearing buckling capacity (eigenvalue) decreases significantly when both the 

arches are loaded. 
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10. Further Studies 

There are many possibilities for the future work. One opportunity is to study 

the same arches studied in this master thesis and include the effect of 

moisture and defects which are excluded in this study. It would also be 

interesting to study parabolic arches. 

Another suggestion is that the 3D buckling simulations of the two parallel 

arches could be expanded to include a geometric nonlinear stress analysis. 

Simulations of a full 3D roof structure including a complete bracing system 

is also of interest for future work.   

Forth suggestion is to simulate a circular arch with varying cross section. 

Finally, it would be interesting to carry out an experiment for the circular 

glulam structures and then compare the result with the result obtained based 

FE analysis presented in this thesis. 
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APPENDIX 1: First buckling modes for fixed, two-and 

there-hinged circular arches (Isometric and top views) 

1. Two-hinged arch 
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First eigenmode for two-hinged circular arch (Number of bracings is 4) 
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First eigenmode for two-hinged circular arch (Number of bracings is 6) 
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First eigenmode for two-hinged circular arch (Number of bracings is 8) 
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First eigenmode for two-hinged circular arch (Number of bracings is 10) 
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First eigenmode for two-hinged circular arch (Number of bracings is 12)
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First eigenmode for two-hinged circular arch (Number of bracings is 14) 
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First eigenmode for two-hinged circular arch (Number of bracings is 16) 
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First eigenmode for two-hinged circular arch (Number of bracings is 18) 
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First eigenmode for two-hinged circular arch (Number of bracings is 20) 
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First eigenmode for two-hinged circular arch (Number of bracings is 22) 
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First eigenmode for two-hinged circular arch (Number of bracings is 24) 
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First eigenmode for two-hinged circular arch (Number of bracings is 26) 
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First eigenmode for two-hinged circular arch (Number of bracings is 28) 
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First eigenmode for two-hinged circular arch (Number of bracings is 30) 
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First eigenmode for two-hinged circular arch (Number of bracings is 32) 
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First eigenmode for two-hinged circular arch (Number of bracings is 34) 
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First eigenmode for two-hinged circular arch (Number of bracings is 36) 
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First eigenmode for two-hinged circular arch (Number of bracings is 38) 
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First eigenmode for two-hinged circular arch (Number of bracings is 40) 
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First eigenmode for two-hinged circular arch (Number of bracings is 42) 
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First eigenmode for two-hinged circular arch (Number of bracings is 44) 
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First eigenmode for two-hinged circular arch (Number of bracings is 46) 
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First eigenmode for two-hinged circular arch (Number of bracings is 48) 
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First eigenmode for two-hinged circular arch (Number of bracings is 50) 
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First eigenmode for two-hinged circular arch (Number of bracings is 52) 
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2. Three-hinged arch 

 

First eigenmode for three-hinged circular arch (Number of bracings is 4) 
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First eigenmode for three-hinged circular arch (Number of bracings is 6) 
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First eigenmode for three-hinged circular arch (Number of bracings is 8) 
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First eigenmode for three-hinged circular arch (Number of bracings is 10) 
4-1 

 

 

 

 

 

 

 
 

  

 

 

 
First eigenmode for three-hinged circular arch (Number of bracings is 12) 
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First eigenmode for three-hinged circular arch (Number of bracings is 14) 
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First eigenmode for three-hinged circular arch (Number of bracings is 16) 
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First eigenmode for three-hinged circular arch (Number of bracings is 18) 
8-1 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
First eigenmode for three-hinged circular arch (Number of bracings is 20) 
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First eigenmode for three-hinged circular arch (Number of bracings is 22) 
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First eigenmode for three-hinged circular arch (Number of bracings is 24) 
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First eigenmode for three-hinged circular arch (Number of bracings is 26) 
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First eigenmode for three-hinged circular arch (Number of bracings is 28) 
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First eigenmode for three-hinged circular arch (Number of bracings is 30) 
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First eigenmode for three-hinged circular arch (Number of bracings is 32) 
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First eigenmode for three-hinged circular arch (Number of bracings is 34) 
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First eigenmode for three-hinged circular arch (Number of bracings is 36) 
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First eigenmode for three-hinged circular arch (Number of bracings is 38) 
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First eigenmode for three-hinged circular arch (Number of bracings is 40) 
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First eigenmode for three-hinged circular arch (Number of bracings is 42) 
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First eigenmode for three-hinged circular arch (Number of bracings is 44) 
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First eigenmode for three-hinged circular arch (Number of bracings is 46) 
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First eigenmode for three-hinged circular arch (Number of bracings is 48) 
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First eigenmode for three-hinged circular arch (Number of bracings is 50) 
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First eigenmode for three-hinged circular arch (Number of bracings is 52) 
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3. Fixed arch 
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First eigenmode for fixed circular arch (Number of bracings is 4) 
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First eigenmode for fixed circular arch (Number of bracings is 6) 
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First eigenmode for fixed circular arch (Number of bracings is 8) 
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First eigenmode for fixed circular arch (Number of bracings is 10) 
 

5-1 

 

 

 

 

 

 

 

First eigenmode for fixed circular arch (Number of bracings is 12) 
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First eigenmode for fixed circular arch (Number of bracings is 14) 
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First eigenmode for fixed circular arch (Number of bracings is 16) 
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First eigenmode for fixed circular arch (Number of bracings is 18) 
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First eigenmode for fixed circular arch (Number of bracings is 20) 
 

 

10-1 

 

 

 

 

 

 

First eigenmode for fixed circular arch (Number of bracings is 22) 
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First eigenmode for fixed circular arch (Number of bracings is 24) 
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First eigenmode for fixed circular arch (Number of bracings is 26) 
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First eigenmode for fixed circular arch (Number of bracings is 28) 
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First eigenmode for fixed circular arch (Number of bracings is 30) 
 



Appendix 1: page23 

Rafiullah Sherzad and Awrangzib Imamzada 

10-6 

 

 

 

 

 

First eigenmode for fixed circular arch (Number of bracings is 32) 
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First eigenmode for fixed circular arch (Number of bracings is 34) 
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First eigenmode for fixed circular arch (Number of bracings is 36) 
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First eigenmode for fixed circular arch (Number of bracings is 38) 
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First eigenmode for fixed circular arch (Number of bracings is 40) 
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First eigenmode for fixed circular arch (Number of bracings is 42) 
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First eigenmode for fixed circular arch (Number of bracings is 44) 
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First eigenmode for fixed circular arch (Number of bracings is 46) 
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First eigenmode for fixed circular arch (Number of bracings is 48) 
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First eigenmode for fixed circular arch (Number of bracings is 50) 
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First eigenmode for fixed circular arch (Number of bracings is 52) 
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