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Tässä diplomityössä tutkittiin, miten digitaalinen robotti hitsaus pitää ottaa huomioon 

rakenteita suunniteltaessa ja miten digitalisaatio voidaan ottaa huomioon robotti 

hitsauksessa. Robotti hitsaus parantaa tuotantomäärää, mutta laitteistokustannukset ovat 

suuret. Perinteisesti robotti hitsaus on ollut taloudellisesti hyötyisä ainoastaan keskisuurissa 

ja suurissa tuotantomäärissä. Digitaalisen tuotannon mahdollistamana tavoite on tehdä 

robotti hitsauksesta kannattavaa myös pienillä tuotantomäärillä. 

 

Diplomityö tehtiin yhdistämällä kirjallisuuskatsaus ja kaksi tapaustutkimusta. 

Kirjallisuuskatsauksessa tutkittiin suunnittelunäkökulmia robotti hitsaukseen ja digitaalisen 

robotti hitsauksen prosessia. Tapaustutkimuksissa tutkittiin K-liitoksen ja puoli-

suunnikkaanjäykisteen rakenteellista muotoilua analyyttisilla laskelmilla sekä 

elementtimenetelmällä. 

 

Kirjallisuustutkimuksen perusteella huomattiin, että robotti hitsauksessa asiat, kuten railon 

muoto ja hitsausasento, tarvitsevat tarkkaa huomioimista suunnittelussa, jotta hyvälaatuinen 

hitsi ja rakenne saavutetaan. Tutkimuksessa löydettiin sekä rajoituksia että mahdollisuuksia, 

jotka vaikuttavat suunnitteluun. Digitaalisessa hitsauksessa valmistus pitää tapahtua yhdellä 

yrittämällä, koska kesken kaiken ei ole mahdollisuutta tehdä suunnittelemattomia 

muutoksia.  

 

Tapaustutkimuksissa selvisi, että limittäisellä rakenneputkien K-liitoksella on parempi 

staattinen- ja väsytyskestävyys kuin välillisellä K-liitoksella. Square bird peak -tyyppisellä 

K-liitoksella oli vielä parempi kestävyys kuin näillä kahdella. Vii sto puolisuunnikkaan 

jäykisteen pää vähentää huippujännitystä hitsin rajaviivalla. Suoran 45° viisteen huomatiin 

olevan parempi kuin kaarevan muotoisten. Taivuttamalla jäykisteen päitä voisi parantaa 

väsymiskestävyyttä, mutta optimaalisen muodon löytäminen tarvitsee lisätutkimusta. 
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In this master thesis, it was studied how digitized robotic welding needs to be taken into 

consideration when designing structures and how digitalization can be taken into account in 

robot welding. Robot welding improves production rate, but equipment costs are high. 

Traditionally, robot welding has been financially beneficial only in medium to high volume 

production. With possibilities from digitized production, the aim is to make the robot 

welding profitable also in low volume production. 

 

The thesis was done by combining the literature review and two case studies. In the literature 

review, design aspects for robotic welding were investigated and digitized robot welding 

process studied. In case studies, the structural shape of K-joint and end of trapezoidal 

stiffener were studied with analytical calculations and finite element method. 

 

Based on the literature review, it was found out that in robotic welding things, such as groove 

shape and welding positions, need careful designing to be able to achieve good quality weld 

and structure. Both, limitations and possibilities, affecting to design were found out in the 

study. In digitized welding, the fabrication needs to be accomplished successful at once 

because there isnôt a possibility to make unplanned changes in midstream.  

 

In case studies, it was found out that overlapped tubular K-joint has a better static and fatigue 

strength than K-joint with a gap. Square bird peak K-joint has even better strength than those 

two. Beveling the end of trapezoidal reduces peak stress in the weld toe. It was found out 

that straight 45° bevel was better than arc-shapes. Bending the tips of the stiffener could 

improve the fatigue life but determination of the optimal shape needs additional research. 
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1 INTRODUCTION  

 

 

When using robotic welding, designing can have more influence on how easily the product 

can be manufactured or what are the manufacturing costs, because joint types and groove 

shapes affect much how easily the product can be manufactured with robotic welding. In 

robotized welding, the fabrication needs to succeed in one go because the robot canôt adapt 

to changes and imperfections like a human. Differences between reality and CAD 

(computer-aided design) models and drawings are easier for the human welder to handle. 

For example, welding distortions, changes of groove geometry during welding and 

anomalies caused by multi-pass welding need to take into account when using digitized robot 

welding. (Hiltunen & Purhonen, 2008, p. 34.) 

 

1.1 Background 

One of the robot welding advantages is the possibility to use higher welding energy and 

speed and therefore increase productivity.  Although in some critical cases too higher 

parameters can cause some problems. For example, a thin beveled sheet combined with low 

part manufacturing tolerances can cause problems because of too much heat input. (Hiltunen 

& Purhonen, 2008.) Generally, welding robots have great productivity. The robot can have 

up to three times more arc time compered to human welder. Welding deposition rate can be 

9 kg/h which is 1.5 times compared to humans (6 kg/h). Higher deposition rate shortens arc 

time. That is archived by using faster wire feed, more powerful welding power supply and 

thicker welding wire. The welding robots donôt need brakes or they donôt get bored by simple 

operations. Without technical problems, the robot produces always identical good quality 

welds. (Meuronen, 2011.) However, this means also that if the robot are programmed 

wrongly or other problem happends and there isnt any feedback existing, the robot produces 

constantly bad quality (Skriko, 2020). 

 

The robot's arms are basically position-controlled devices that can understand a trajectory 

and perform it continuously. In welding applications, the trajectory to run is the weld's path 

in 3D coordination. The trajectory can be taken for example in the CAD model of the welded 

work-piece. This technique is called offline programming which is part of the digitalized 

manufacturing. Another programming style is online programming where the operator 
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teaches the trajectory with hand-guiding or teach pendant devices. This means that the robot 

needs to be out of its productive work while programming. That is not great for 

productiveness. The benefit of online programming is easy usability for non-programmers 

but for digitized production more advanced offline programming suits better. (Owen-Hill, 

2018; Pires, et al., 2006, p. 149.) 

 

In offline programming, the program is made in a 3D computer environment. Thatôs why it 

doesnôt reserve the work cell out of production while programming. Other benefits are more 

flexibility and faster programming in complex and large parts. The offline programming 

starts from having a virtual 3D environment of the robot and its toolingôs which is calibrated 

to equal as in reality. 3D model of the work-part is also needed and then the weld path is 

created to the 3D work-part. The process included simulation of the welding event where an 

example collisions and robot singularities can be noticed and fixed. This whole process of 

forming data that controls the welding robot is discussed more closely in chapter 3. (Pires, 

et al., 2006, pp. 149-150; Swary, 2012.) 

 

1.2 The aim, research questions, and research methods 

This master thesis is part of DigRob -project where different methods are studied and 

developed so that robotic welding could be used profitably in a low volume manufacturing. 

The aim of this research is to study design aspects for steel structures which needs to be 

considered when manufacturing digitally with robots. The research includes a few design 

case studies where the different shapes of structures are analyzed more deeply with finite 

element analysis (FEA) and analytical calculations to investigate what kind of structural 

shape is the most beneficial. In the case studies, fatigue resistance and how the structural 

changes affect to fatigue resistance are the main properties to study. Also the structures 

suitability for digitized robot welding are studied.  

 

The first part of the research is a literature review where design aspects for robotic welding 

is search from literature and the internet. Different scientific databases such as LUT finna, 

Scopus and Google scholar are used for information retrieval. The second part of the research 

is case studies which include methods, results, and analysis. Linear finite element method 

(FEM) is used to get stress values from the models and the results are calculated by using 

equations from literature. 
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Research questions are: What kind of structural shapes suits best for robotic welding? Do 

different tubular K-joint shapes have a better structural properties than a traditional one? 

How beveled end of trapezoidal stiffener affects to fatigue resistance? 
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2 DIGITIZED ROBOT WELDING  

 

 

Generally, robotic welding is known to suit for manufacturers that have a high volume of 

production. However, this is aim to change in the future so that digitized robotic welding 

would be as profitable for small volume sizes as for large volumes. 

 

Pre-engineered robotic welding systems are complete packages that suit greatly for a 

manufacturer who wants a turnkey solution and donôt have skills or knowledge to set up a 

robotic welding system from pieces. The system includes usually all the needed machines 

such as welding robot, welding power source, torch, and safety fencing. They are also readily 

programmed so that the operator needs to only load and unload the welded parts. (Bernier, 

2014.) 

 

The first generation of welding robots was a two-pass system, where the first pass is for 

learning the seam geometry and the second pass is for the actual welding process. The second 

generation of the welding systems can track the seam in real-time, so it is doing in same time 

seam tracking and learning phases. The third-generation systems can also learn rapid 

changes in weld seam geometries while operating in unstructured environments and operates 

also in real-time. These third-generation welding systems made possible to achieve more 

flexibility for the welding systems. That also means that a great amount of programming 

work is needed to use for integration to specific applications. (Pires, et al., 2006, p. vii.) 

 

Many metal and engineering products need welding operations in assembly processes. 

Robotic welding is therefore very potential application in industrial robot systems. 

According to Pires et al. 25% of all robots in industries are used for welding. Advantage of 

the robots in welding are removed human factors. Although robots can solve problems 

related to human power, new problems are involved because of the complexity of the robot's 

programming environments.  (Pires, et al., 2006, p. vii.) 

 

Companies need to answer to demands of short life-cycle products because of worldwide 

competition. The products have to be competitive and efficiently made. That means 

manufacturing processes need to be efficient, highly controllable and adaptable. That is 
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possible with automation, computers, and software. Ideal robot system would be semi-

autonomous which require only minor operator involving the process. (Pires, et al., 2006, p. 

viii .) 

 

In shipbuilding, products are often large and varies a lot. Thatôs why robot welding hasnôt 

used widely in this industry. However, engineers have tried to develop self-traveling and 

portable robots which would suit better for very large-scale products. One example of these 

is the gantry type robot where the welding robot is positioned on an overhead bridge where 

it can move horizontally. The gantry itself can also be mounted on a rail which increases the 

work area even more. (Horikawa, et al., 1992.) 

 

According to Horikawa et al. two different types of robots are used for welding. First is a 

conventional articulated robot combined with peripheral equipment, such as positioners, 

carrier devices, and jigs. This system can be called as óôflexible manufacturing system-

oriented robot systemôô. The system needs careful workflow and plant layout consideration 

to improve productivity. Large scale equipment are used with this system. (Horikawa, et al., 

1992.) 

 

The second type is referred to as ôôdedicated simplified oriented robotôô This type has an 

automatic multi-layer welding function. When the minimum information is given to the 

system, welding can be done automatically. With this kind of robot, the layout of plant 

equipment doesnôt need to change significantly. One person can operate multiple simplified 

oriented robots which makes productivity  better. (Horikawa, et al., 1992.) 

 

2.1 Applicability of arc welding robots in the different fields 

Suitability of the robot welding to various applications depends on the difficulty of the weld 

in a specific product. Generally, the more unique the fabrication procedure is, the more 

difficult the product is to weld with robots. Major factors affecting the suitability of the 

robots are the size of the workpiece, accuracy of joint preparation, number of products, 

welding procedure, and design. In table 1, there are robot welding applicability to different 

products. (Horikawa, et al., 1992.)  
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Table 1. Applicability of robot welding to various products (Horikawa, et al., 1992). 

 

According to Horikawa et al. (1992), these are the main factors affecting design for robot 

welding: 

¶ Acceptability for robot welding 

¶ Accessibility between welding torch and workpiece 

¶ Suitable joint for arc sensing  

¶ Suitable welding position for welding robot 

¶ Joint design which reduces complicated positioning 

 

2.2 Weld joint types 

In figure 1, there are presented different welded joint configurations and their suitability 

for robot welding with joint sensing 
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Figure 1. Welded joint configuration and suitability for robot welding (Horikawa, et al., 

1992). 

 

It can be seen from figure 1 that fillet welding suits for robot welding much better than butt 

welding. According to Lempiäinen & Savolainen (2003), the fillet joint does have a much 

lower tolerance for alignment of filler wire than a butt joint. For the butt joint, the tolerance 

is around 0.5 mm and for the fillet joint, it is around 2 mm lateral and 1mm vertical. This is 

shown in figure 2. 

 

Figure 2. Tolerance recruitments for butt and fillet welds (Lempiäinen & Savolainen, 2003). 
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Flat position (PA) allows even 1.5 times bigger tolerances compared to horizontal and 

vertical positions. Thatôs why the flat position is a wanted position for robot welding if 

possible. In general fillet joint type should be always used in robot-welded structure if fatigue 

or corrosion does not provide something else. The volume of groove stays in control because 

the geometry of the groove in the fillet joint allows little changes in the throat thickens. Fillet 

joint with 6 mm sheet thickness allows up to 1.5 mm air gap without noticeable weld quality 

weakening. When the air gap is over 1 mm, penetrations start to grow and visible throat 

thickness is getting smaller. With over 1.5 mm air gap, the risk of side imperfections start to 

grow. When making fillet joint near to the edge of the plate, there should be left at least a 3-

4 mm distance between the edge of the plate and toe of the weld. This is because if tolerances 

of the part manufacturing is a little bit off, the edge of the plate could melt and weld would 

stream down. (Lempiäinen & Savolainen, 2003, pp. 85-86; Hiltunen & Purhonen, 2008, p. 

34.) 

 

Fully penetrated groove butt weld without backing is almost impossible to weld with good 

quality and reliability. Buttwelds should be changed to fillet weld, lap joint or at least backed 

butt weld with design changes. According to Meuronen (2011), with a cold arc welding 

process, it is possible to weld a non-backed groove butt weld with a robot. The air cap of the 

groove can be even as large as 3 mm. This would make the hand-welded root run an 

unnecessary. (Meuronen, 2011.) The backing can be made a part of the structure. For 

example, self-positioning studs can help to position parts accurately in places and also work 

as a backing. In figure 3, there is shown a design improvement where groove butt joint is 

changed to self-positioning backed grove butt joint and to lap-joint. (Lempiäinen & 

Savolainen, 2003, p. 87.) 

Figure 3. Design modification from (a) butt groove joint to (b) self-positioning backed 

groove butt joint and to (c) lap-joint (Lempiäinen & Savolainen, 2003). 



17 

 

 

 

Lap-joint is a well suitable welded joint type for robotic welding. There is no danger of melt 

through in the joint and accuracy wise it is better than butt weld joint. For groove sensing to 

work properly, the top plate should be at least 2.5 mm thick. In sheet metal structures the 

edge flange weld is used. This type of weld joint should be welded from inside so that the 

structure has its own groove by itself. Thatôs because groove sensing is easier and 

eccentricity of the joint is smaller. This is shown in figure 4 where the right side is the 

preferred way to weld with the MIG/MAG welding robot in digitized production. 

(Lempiäinen & Savolainen, 2003.) 

Figure 4. Edge flange weld (Lempiäinen & Savolainen, 2003). 

 

The corner weld joint is a aesthetic and widely used welded joint type. For robotic welding, 

it is not achieved suitable for all cases because of tight tolerances need for positioning the 

parts and risk of melt through. If the material thickens of the corner welded parts are small, 

it can be better to change the corner joint into the fillet joint by lengthening one of the plates. 

This is shown in figure 5. (Lempiäinen & Savolainen, 2003.) 

Figure 5. Changing corner weld joint design to fillet joint. 

 

Robotic welding needs carefully manufacturing of weld grooves because tolerances and 

surfaces of the groove affect the quality of the weld. Welding parameters are made for each 

groove geometry and the robot uses these depending on real groove geometry but this applies 

only if adaptive seam tracking such as laser scanning isnôt used. If the groove geometry 

changes, the weld groove volume can change up to dozens of percents. These changes can 
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be for example inaccurate groove surface, groove angle or defects in the surface of the root. 

The change of volume can cause either an incomplete joint or an overfilled joint. (Hiltunen 

& Purhonen, 2008; Skriko, 2020.) 

 

2.3 Volume of the groove 

Making butt weld groove narrower increases effectivity because needed filler material and 

welding time decreases. These narrow gap welding techniques suit plates over 30 mm 

thickness. A special pulsed welding system is needed for this technique but the process can 

be automated with robots. The advantage of the narrow gap welding is increased productivity 

in heavy gauge structures. Narrow gap MAG welding with the robot can archive a 10 kg/h 

deposition rate. Making the gap narrower degreases distortion of welded structure compered 

to traditional v-groove weld. (Meuronen, 2011, p. 13; CLOOS, 2013.) 

 

2.4 Design aspects for robot welding 

Improving productivity can be done with the following measures. Chancing design so that 

the amount of suitable joints for robotic welding is increased. This is related to understanding 

better robotic welding characteristics. Also changing the design so that welded joints overall 

are reduced and replaced with different process example bending, can be beneficial for 

productivity. (Horikawa, et al., 1992.) 

 

For robot-welded products, it is important to confirm that the welded joint is within reach of 

weld torch. The weld canôt be made if the torch won't reach the joint in all places. Sometimes 

the angle of torch or nozzle standoff distance canôt be optimal due design of the product. If 

these parameters head to insufficient welding quality and design changes canôt be done, then 

the specific weld has to be done with manual welding. The torch angle often canôt be optimal 

for the whole welding time. For example, in a box-type structure start of the weld in the 

inside corner needs to be pulling weld for first millimeters until it can be changed to 

perpendicular or push welding. Stiffeners or other ribs can also affect the usable angle of the 

torch. (Lempiäinen & Savolainen, 2003, p. 91.) Figure 6 shows situations where welding 

torch could interfere with a workpiece. Also, design improvisations are presented for the 

situations.  
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Figure 6. Interference between workpiece and welding torch (Horikawa, et al., 1992). 

 

Welds in the inside of the structure can be replaced with welding through from one side and 

using backing in the root side. Solid backing which stays inside of the structure is often used 

in box-shaped structures. One option split the structure to several sub-assemblies to gain 

accessibility to weld inside joints. This depends on which kind of the product is, whether it 

is profitable because construction and weld procedure might get more complex.  

 

Reaching to the fillet groove with a welding torch is an important factor to consider but also 

a robot arm has to fit inside of the structure. Joints and rods of the robot arenôt as flexible 

and movable as human and his arms. On the other hand, in manual welding, the welder needs 

to see the weld pool and be in a moderately comfortable position to perform the weld. The 

robot doesnôt have these requirements and the robot can be made for some specific 

application. Collision checking is an important phase when designing the welded joints of 

the structure. Graphical 3D simulation software is a beneficial tool for this analysis. 

(Lempiäinen & Savolainen, 2003, pp. 91-92.) 

 

Designer should have knowledge of machines which are used for welded part manufacturing. 

Different processes have different accuracy which means different tolerances and that affects 

how the parts are positioning relative to each other. For example, thermal cutting methods 
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have different accuracy depending on which process is used. Large tolerances provide more 

finetuning needed in the programming phase to archive good quality welds.  

 

Welding imperfections are a risk when a new pass is started over the old one inside corners. 

The imperfection risk is reduced when rounding is used as shown in figure 7d. Rounding 

enables a continuously welding much easier. Another way is to weld the corner by hand in 

the tack welding phase before the robot welding. This however means that starting and 

ending points increases. One option is to remove the corner by notching it but if the dividing 

wall has stresses, it isnôt a good option because weld start and end are in poor places. 

(Lempiäinen & Savolainen, 2003, pp. 91-92.) 

 

Figure 7. Designing corner for the robot welding. (a) General case (b) Notching the corner 

(c) Welding the corner in tacking phase (d) Rounding the corner. (Lempiäinen & Savolainen, 

2003.) 

 

Welding outsides of sharp corners is also a difficult task for a robot. The robot's arms and 

joints canôt move so fast that weld could be performed perfectly. Often the weld builds up 

too large and outside of the groove. This causes flow in the weld pool. The problem can be 

avoided by sloping the work part when approaching the corner point. This slowdowns 

movement of a torch and might stop the flow of the weld pool. Still, a better way is to weld 

the corner in the tack welding phase or design the corner more smoothly. (Hiltunen & 

Purhonen, 2008.) 

 

In table 2, there are a few structural designs that are suitable and unsuitable for robots. From 

there, it can be seen that scallops are a good way to design ends of stiffeners. The area where 

vertical and horizontal stiffeners cross each other, some space is needed to clear robot weld 

torch so that one of the stiffeners can be welded continuously. These designs are from the 

welding point of view and if stresses and stress concentration factors of the structural designs 
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are taken into account, these might not be the best options. The direction of the stresses 

should be identified and then decided which kind of structure would be best from both, 

design and manufacturing point of view. 

 

Table 2. Suitable and unsuitable structural designs for robot welding in welding point of 

view (Horikawa, et al., 1992). 

 

Designing welded joints so that the workpiece positioner needs to rotate less is a design 

aspect that can reduce the overall robot working time. Figure 8 shows a rectangular welded 

structure which is changed from the other end of the structure. This allows less number of 

positioning the part. In the case of flat position welding, four times rotating the part is 

reduced to two times. If the part can be welded with horizontal position welding, two times 

positioning is reduced to just one positioning. (Horikawa, et al., 1992.) 
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Figure 8. Reducing part positioning by changing the joint design (Horikawa, et al., 1992). 

 

Paavolainen (2019) studied in his bachelorôs thesis how to design the end of a cover plate so 

that it would have the best fatigue resistance. There were two design cases, one with tips of 

the cover plate located on the rectangular hollow section (RHS) member faces and another 

one where the tip was on the corner of the RHS. According to Paavolainen, it is better to 

place the tips on the RHS faces. Local notch stress is two times higher in a case where the 

tip is on the corner of RHS. These cases are shown in figure 9. Left one (a) has cover plate 

tips on the faces of RHS and the right one (b) has the tip on the corner of RHS. (Paavolainen, 

2019.) Also, the plate where one tip is on the corner of the RHS, digitized fabrication, which 

includes cutting and cold forming is impossible (Skriko, et al., 2020a). 

Figure 9. The cover plate designs. Cover plate tips in sides (a) and tips on corner of RHS 

(b) (Paavolainen 2019). 
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2.5 Laser cutting technology 

Laser cutting technology (LCT) has great possibilities in digitized manufacturing. The 

process is programmed by humans and machines will do all manufacturing work. Thatôs 

why the laser cutting technology suits perfectly in digitized manufacturing. In the process, 

the laser beam is a universal tool that is guided by CAD programming. That allows cost-

effective manufacturing and the ability to quickly change the design. In joint fabrications, 

the LCT allows manufacturing joints where less welding is needed and fewer steel plates are 

needed to manually placed by workers. The initial investment may be still higher than in 

traditional cutting machines, but the LCT has the potential to cut overall life cycle costs. 

Laser cutting of the tubular structure is presented in figure 20. (Kanyilmaz, 2019.) 

 

 

Figure 20. Laser cutting of tubular profile (Kanyilmaz, 2019). 

 

The use of Laser cutting process in the hollow section joint fabrication allows designers to 

have more freedom, both from a structural point of view and an architectural view. The 

strength of the square hollow section (SHS) joints can be increased by new shapes and joint 

configurations that are possible with the geometric freedom offered by laser cutting 

machines. Other benefits are that the laser cutting can be up to thirty times faster than the 

regular cutting process and steel profiles cut by laser are so clean that cut parts can be 

transferred to manufacturing without additional process. Also, the heat-affected zone in laser 

cutting is much smaller than in other thermal cutting methods.  
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The 3D cutting process is one advantage of LCT. That is made possible by laser cutting 

process properties and CAD programmed process.  2D cutting means that the laser beam is 

always perpendicular to the surface of the beam. In 3D cutting, that angle between the part 

surface and the cutting beam can be adjusted simultaneously while cutting by tilting its head. 

That makes possible to fabricate for example different bevels in welded joints or if the 

jointed parts donôt have 90° between them, accurate and tight fit-up is possible to make. This 

is presented in figure 21. In figure 22, there are presented some prototypes of laser cut I-

beam to a circular hollow section (CHS) column joints. This is studied in EU-RFCS research 

project LASTEICON and it aims to reduce drastically fabrication cost while meeting the 

structural requirements. In fig 22 (a) there are typical diaphragm joint used between CHS 

column and I-beam and CHS beams. In (b and c) there are laser cut equivalents where beams 

are brought through the column. Generally passing through joint configurations can be used 

to degrease eccentricities and exploit the panel zone of the joint better. (Kanyilmaz, 2019.) 

Figure 21. Benefits of the laser cutting and differences between 2D and 3D cutting 

(Kanyilmaz, 2019). 



25 

 

 

 

Figure 22. Traditional joint and laser-cut solutions where beams pass through the column 

(Kanyilmaz, 2019). 

 

LCT offers interesting possibilities also for truss girder joints where additional gusset plates, 

stiffeners, and excessive welding could be eliminated with LCT. Joint eccentricities could 

be also reduced by placing the braces inside of the chord. Examples of this are presented in 

Figures 23 and 24. However, these punchings could cause initial cracks and high notch 

stresses to the structure. This could mean that the structure would have lower structural 

performance than in traditional truss. (Kanyilmaz, 2019; Björk, 2020.) 

Figure 23. Laser-cut truss joints (Kanyilmaz, 2019). 
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 Figure 24. Laser-cut parts for truss joints (Kanyilmaz, 2019). 

 

2.6 Welding distortions and their control 

Welding causes local heat input to the part and because material heats and cools unevenly it 

causes stresses. Warm spots try to expand and cold spots try to prevent it. In this phase, a 

compression is generated to warm places and tension in cold places. The warm spot is usually 

relatively small and it has degreased yield stress so it compresses easily. Instead, a large cold 

areas retain their elasticity. Compressed areas try to shrink down from original dimensions 

but elastic areas around want to stop expanding especially in lengthwise of the weld. 

Plastification happens and also the area where compressive stress presents, a metal 

compression happens. When the temperature of the weld is cooled down, the weld has 

lengthwise tension and areas around has a balancing compression stress. These changes in 

the state of stress causes distortions. (Niemi & Kemppi, 1993, pp. 167-168.) 

 

Forces that cause distortions in a welded structure are usually related to the amount of heat 

input into the weld. Unnecessary large throat thickness causes larger distortions to the 

structure. Therefore throat thickness of fillet weld shouldnôt be larger than calculations 

indicates. Oversized fillet weld also increases cost. When comparing 5 mm throat size which 

can be welded with one run and 7 mm throat size which usually needs two runs or even three 

runs depending on shape requirements, the latter costs double. The general rule is that 

doubling the throat thickness means at least triple cost and for bigger throat thicknesses the 

difference is even bigger. (Piironen, 2013, p. 40; Lepola & Makkonen, 2005, pp. 354-355.) 

In angular distortion, the ammount of distortion isn´t related straight to the throat thickness 

but instead the relation of the throat thickness and material thickness have an influence how  

much angular distortion happens (Skriko, 2020). 
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In robotic welding, it is beneficial to exploit penetration. Usually, the robot produces very 

equal weld and because of that penetration can be included to throat thickness if existing of 

the penetration is provided with the test. This reduces visible throw thickness and therefore 

distortions. Welding process, dimensions of groove and manufacturing tolerances are 

parameters that affect a cross-section of the weld. The smallest possible cross-section of the 

weld is preferred because bigger cross-section causes bigger forces and transformations. 

Shape of the weld cross-section needs to considered too because small relation of weld width 

and depth can cause hot cracking or general weld defects. The amount of runs in weld affects 

also the stress of the weld. If a joint is welded with several runs, the heat input is divided 

into smaller parts which can be beneficial. However, this doesnôt affect angular distortion. 

Root run cools down and works like a hinge and runs on top of that shrinks and causes more 

angular distortions than in single run weld. With intermittent weld, less welding distortions 

can be archived but several starting and ending points have a high risk of failure because of 

fatigue and corrosion and also in fabrication point of view. Intermittent welding can be 

considered in a case where minimum throat thickness based on heat input would be oversized 

from the point of view of structural strength. (Niemi & Kemppi, 1993, p. 180; Lepola & 

Makkonen, 2005, pp. 354-355; Skriko, 2020.) 

 

It should be intended to weld with only one run and design the structure so that one weld 

setup is suitable for the prominent welds of the structure. If this caǹt be archived size of the 

weld should be appropriate and the amount of the weld runs should be minimized because 

lead time increases with multiple weld runs. (Björk, 2020.) 

 

Adjusting parts to the jig is a common way to attach workpieces to the right places in robot 

welding. This is a good way to reduce welding distortions. The jig needs to be stiff enough 

to resist forces coming from cooling down the weld. When the welded part is removed from 

the jig, welding stresses release partly and the part might still distort little. The jig has to 

design so that the welded part doesnôt get stuck to the jig because of stresses causing press 

against the jig. (Niemi & Kemppi, 1993, p. 180.) 

 

Welding can cause very different distortion but these can be dived into two categories, 

longitudinal and transverse distortions. Figure 10 shows different welding distortions 
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divided into these two categories. These distortions can exist separately or combined.  

(Lepola & Makkonen, 2005.) 

Figure 10. Welding distortions (Lepola & Makkonen, 2005). 

 

In a digitized robot welding, the part has to be complete after welding. There is no possibility 

to repair or straighten the part once it is finished. Thatôs why distortions have to predict and 

eliminate already in the design phase. Design of structures and manufacturing process have 

a great influence on how much welding distortions occurs. There are ways to reduce 

distortions which are based on either knowledge and experience or calculations. 

Longitudinal distortions and inclined structures can be prevented by placing weld symmetric 

related to the centerline of structure. Groove and weld run parameters have an influence on 

angular distortions. Also, the relation of throw thickness and material thickness affects to 

angular distortion in the case of fillet weld. Buckling distortions in welding of beams can be 

prevented by strength relations of the web and flange or appropriate throw thickness of the 

weld. Even though distortion mechanisms and controlling ways are known relatively well 

for individual cases, usually in real world several different distortion cases happens at the 

same time. Therefore combination effect of the distortions is hard and complex to define. A 
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universal guide for preventing distortions doesnôt exist, these are just general assumptions 

that need to apply in different individual cases.  (Lepola & Makkonen, 2005; Skriko, 2020.) 

 

According to Lepola et al. (2005) welding distortions can be prevented with guidelines 

presented in table 3.  

 

Table 3. Welding distortion preventing guide (Lepola & Makkonen, 2005). 

Prevention of longitudinal distortions  

Reducing heat input 

Multi-run welding 

Intermittent weld 

A limited number of tack welds and direction from edges to center 

Stretching preload focused on heat zone 

The symmetrical placement of welds around a centerline 

Correct welding sequence 

 
Prevention of transverse distortions  

Reducing heat input 

Avoiding oversized fillet welds 

Using fixtures 

Choice of grooves, X-groove, welding in both side 

Short tack welds, maximum distance of bridges 25 x material thickness 

Backstep welding 

Reducing air gap 

Structure which has enough rigidity 

 
Prevention of rotational distortions  

Tack welding enough, welding bridges in wider area, not just in the welded 
area 

Using fixtures 

 
Prevention of angular distortions  

Reducing heat input 

Choice of grooves 

Avoiding many runs and too large throw thickness 

Using intermittent welding along with restrictions 

Pre-bending, preload with restraints or pre-setting  

 

Designing a structure so that welds are positioned in the neutral axis doesn't cause bending 

of the part. Even if the weld would have tension after welding, the shrinkage of weld happens 

in the neutral axis and the force can´t distort the structure. Figure 11 shows an unsymmetrical 
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box beam that has welds away from the neutral axis and better symmetric construction in 

the right which has welded joints in the neutral axis. In this case, the symmetric design 

doesnôt guarantee a distortion-free structure, unless both sides are welded simultaneously. 

Welding one by one doesnôt affect to the distortion rotating around the weld symmetry line 

but it affects in other direction.  (Lepola & Makkonen, 2005.) 

 

Figure 11. Effect of unsymmetrical design in box-beam (Lepola & Makkonen, 2005). 

 

Angular distortions can be evaded by pre-setting corresponding angle ɓ which the weld 

causes. This is shown in figure 12. Flange of the welded I-beam can be prebend to shape 

shown in figure 12. This is needed to consider only if the angular distortions cause a 

disadvantage. Also, this doesnôt prevent angular distortion between web and flange.  (Niemi 

& Kemppi, 1993, p. 197.) 

Figure 12. Anticipation of angular distortion (Niemi & Kemppi, 1993). 

 

Figure 13 shows an I-beam that has lower flange welded to the web with both sizes 

simultaneously without any pre-settings. That causes longitudinal distortion to the beam. 

This can be reduced by crossing the weld sequence from the upper flange to lower and from 

the other side to the other. Another technique is to weld both flanges from one side of the 

web simultaneously and then turning the beam another way and welding the rest of the welds. 

Consecutive welds influence stays smaller because welds now has only half of thickness 

from the web as a moment lever. Whereas in the first case the moment lever is half of the 

web length. Both techniques need pre-setting the flanges to prevent angular distortion of the 

flanges. These are shown on the right side of the I-beam in figure 13. (Lepola & Makkonen, 

2005, p. 357; Björk, 2020.) 
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Figure 13. Distortions of the I-beam (Lepola & Makkonen, 2005). 

 

2.7 Tack Welding 

Tack welds keep a welded structure in the right shape before and during the welding. If pre-

settings and pre-bending are needed, this has to be done already in the tack welding phase 

according to the anticipation of welding forces. 

 

Unsuitable tack welding sequence can affect also distortions which are then strengthened in 

the welding phase. Tack welds shouldnôt be placed in corners of the structures. These places 

are hard to weld and tack welding would increase the possibility of defect. Generally, bridges 

should be done to the whole structure in mind by placing bridges to different locations of the 

structure and then make them denser. Examples of a tack welding sequence are presented in 

figure 14. (Lepola & Makkonen, 2005, pp. 361-362.) 

Figure 14. tack welding sequence options (Lepola & Makkonen, 2005). 

 

If tack welding is used, tack welding instructions are needed to program the same way than 

actual weld by the design team of the structure before welding starts. The robot needs more 

careful placement of bridges than manual welding because the robot canôt adapts to the 

differences so well. Welding without tack welding is beneficial in digitized robot welding if 

it is possible. This means that an additional handling robot and/or suitable welding jig is 

needed. (Hiltunen & Purhonen, 2008; Björk, 2020.) 
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If the whole structure is bridged first completely, additional stages doesnôt need to be done. 

That usually leads to smaller welding distortions in structure. Although, residual stresses can 

rise larger. The designer needs to decide which one is more harmful to the structure 

considering the criterion from usage. On the left side of figure 15, there is presented a box 

structure where L profile stiffeners are welded first to cover the beam and then the cover is 

welded to the bottom part of the structure. In this case, the cover of the beam might have to 

straighten first before welding the beam completely. On the right side of the figure 15, there 

is the same kind of box beam but the stiffener is trapezoidal which stays in place by itself 

and it is outside of the beam. In that case, the whole structure can be bridged in one go 

without manually moving and placing the parts. That is an important and beneficial thing in 

digitized robot welding. (Skriko, et al., 2020a.) 

 

Figure 15. Designing the structure for digitized welding (Skriko, et al., 2020a). 

 

Things that need to take into account when programming tack welding program are inter 

alia: pre-settings so that structure is straight and functional after the whole welding process 

is done. If the structure is straight after the tacking phase but welding causes unfunctional 

distortions, the pre-setting isnôt successful. The holding force of the handling robot is also a 

programmable parameter that needs to be considered. In some situations, the tack weld can 

cause distortions if the parts stay in places with just the force of gravity. (Björk, 2020.) 

 

2.8 Welding sequence 

The goal of deciding the correct welding sequence is to minimize distortions and residual 

stresses. These two are related to each other so that if distortions are reduced to a minimum, 

the structure might have high residual stresses which arenôt visible to the human eye. 

Residual stress can decrease the quality of the structure and even cause premature failure. 

Designers have to take care of both of these based on the requirements of the structure. If 

distortions arenôt as critical as residual stresses, the welding sequence should be such as the 

structure would archive the final rigidity as late as possible. That would allow shrinkage of 
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the welds to cause less stress to the structure. When distortions need to minimize, it can be 

done by using stiff closed shape, suitable weld groove, and welding sequence. Distortions 

can cause additional stresses from the effects of external loads. This can cause even worse 

structural resistance than with high residual stresses. (Lepola & Makkonen, 2005, p. 362; 

Björk, 2020.) 

 

One of the targets in deciding the welding sequence is to reduce transverse membrane stress. 

Transverse shrinking should be allowed to happen as freely as possible. In figure 16, there 

is presented a situation where welded I-beam needs to be so long that it canôt be 

manufactured from single sheets. In this case, separate flanges and web are welded first to 

their final length, so the welds can shrink in a transverse direction relatively freely. Also the 

plate lengthening weld joints are located in different places in webs and flange. After that, 

the parts are assembled to I-beam and welded together. (Lepola & Makkonen, 2005.) 

Figure 16. Welding sequence of the I-beam (Lepola & Makkonen, 2005). 

 

Welding distortions and residual stresses can be calculated with simulations based on finite 

element methods. This is however quite complex and time-consuming process. In figure 17, 

there is presented a residual stress pattern of a butt-welded joint in longitudinal and 

transverse directions. (Jebaraj, 2019.) 
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Figure 17. Residual stress pattern of a butt-welded joint in longitudinal and transverse 

directions (Jebaraj, 2019). 

 

In RHS joints weld start and stop positions for non-continuous welds shouldnôt be placed at 

locations where high-stress concentrations occur. The recommended sequence and locations 

are presented in figure 18. (Zhao & Packer, 2000, p. 35.) 

Figure 18. Recommended weld start/stop locations in RHS joints (Zhao & Packer, 2000, p. 

36). 

 

Depending on the layout of the system and type of RHS structure, weldments around the 

profile of the RHS joints can be performed in a single run with robot welding. In figure 19, 

there is presented a warren truss structure with gapped K-joints and a 900 mm distance 

between the chords. In there, with this robot layout, the robot can just weld the joints with a 

single run. That needs a carefully programmed code to avoid collisions. The simulation is 

done with Delfoi robotics 4.1. On the other hand, using two welding robots and welding 
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simultaneously from both sides would present less distortions which can be a requirement in 

some cases with tight tolerances. This, however, would cause more starting and stopping 

points that have a risk of defects.  

 

Figure 19. Robot welding of the warren truss. 
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3 ROBOT PROGRAMMING  

 

 

If online programming takes for example 10% of the total work hours of the robot, that 

means over four weeks workhours in a year. This is the time that production is stopped and 

costs are building up from the robot and programmer. For the robot that welds various types 

of work parts, it is best to use a 3D model based remote programming. That is called offline 

programming. The threshold to move the offline programming from the online can be high 

because programming programs need some knowledge to use and exploit its features. 

However new programs focus on easy usability. (Salmela, 2007.) 

 

In figure 25, there is an example of the digitized and adaptive robotic welding. In stage I, 

there are idealized design model which consist of the parts that have ideal geometry. From 

those, the electronic welding procedure specification (eWPS) is formed. That includes 

optimal tack welding and welding sequences, welding positions and possible post-treatments 

along with optimal welding parameters. In stage II, manufactured parts are bridge welded 

using a jig and/or handling robot. After that, the bridged structure is measured using for 

example laser scanner. The measuring results are analyzed and the geometry of the structure 

is compared to the ideal model. If there are differences in geometries, a new eWPS is defined 

according to the present situation. In stage III, during the welding of the structure, the welded 

joint is scanned and analyzed in front of the weld. On this basis, the welding parameters and 

possible a trajectory of welding torch can be adjusted in real-time. Also, new optimal 

welding sequences and positions can be set. In stage IV, the backside of the welding torch 

is scanned and analyzed to detect possible surface defections. Throat thickness and geometry 

of the weld are also defined so that desirable quality is achieved. Also, in this stage, the 

welding parameters and trajectories can be changed in realtime. Possible needs for post-

treatments and locations for repairs are aimed to define. Formed quality can be also informed 

back to design where the data can be used for fatigue calculations. (Skriko, et al., 2020a.)  
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Figure 25. Digitalized adaptive robot welding of excavators boom ( Skriko, et al., 2020a). 

 

The digitized robot welding process is also presented as a flow chart in figure 26. There is a 

welded warren truss steel structure that is designed with a CAD program and then the 

welding process starts from the CAD drawing. 
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Figure 26. Flow chart of the digitized robot welding. 
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The programming phase of the robots affects greatly the quality of the weld. Two groups of 

quality are affected: Welding parameters and geometric variables of the robot torch and the 

workpiece. Changes in wire extensions and an angle of the torch affects how good quality 

the weld has. In online programming, these values are determined by how carefully the 

operator can estimate positions and distances of the torch. The angle changes of the torch 

during welding affects where the weld is formed related to the groove, shape of the weld, 

amount of penetration and how smoothly the weld connects to the base material. In a flat 

welding position, good quality is easier to archive. Changes in the tip to work distance affect 

welding current and that can cause burn through or incomplete penetration. Successfully 

manufacturing difficult shaped grooves depends on how previously mentioned parameters 

can be standardized. Seam tracking during welding and other digital tools can also help to 

control those weld parameters. (Salmela, 2007; Holamo & Aalto, 2009; Skriko, 2020.) 

 

In parametric remote programming, the quality of the weld is controlled with the program. 

The parameters that affect to the quality are saved to digital file, eWPS. This includes for 

example angle of the torch and tip to work distance which is set to be desirable values to the 

specific weld. Consequently, it doesnôt matter which kind of trajectory the torch is 

proceeding, the set parameters stay in desirable values for whole welding time. All welding 

parameters are saved to the same eWPS file and when this is combined to weld groove seam 

tracking, it is possible to archive very good weld quality standardization. When the quality 

of the welds is saved in the system by experienced welding professional, less experienced 

operators can use these parameters for each kind of welds. With that kind of system, keeping 

constant good quality isnôt so related to the skills of the specific operator.  (Holamo & Aalto, 

2009.) 

 

Simulations of the offline programs help to focus on the quality of the welds. Movements 

and positions of the robot and torch can be decided better and more accuracy in remote 

programming. For example, with simulation, it can clarify which welding sequence means 

the shortest lead time. Also, the simulation helps to estimate the welding time in the offer 

calculation phase. (Salmela, 2007.) 

 

With Winteria quality control software and laser scanner, it is possible to scan the formed 

quality of the geometry of the robot-welded weld. The laser scanned data is sent to the 
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software which analyses the data. The data can then compere against a standard to see if  the 

weld passes the required quality. With the Winteria system, weld bead geometry, defects 

and imperfections close to the weld can be evaluated from welds. Joints can also be evaluated 

by measuring for example angles and gaps. The weld can be scanned during welding behind 

of the welding torch and also separately from specific places which belong to digital 

forethought. (Winteria, 2019.) In figure 27, the weld toe radius measured with Winteria 

equipment is presented in a specified location.  

Figure 27. Weld toe radius in specified location and statistical distribution (Skriko, et al., 

2020b). 

 

Fatigue resistance of the scanned welded joint can be calculated by using information from 

the measurement program. For that, material strength in weld toe needs to be known. That 

can be calculated with analytical equations when hardness is measured from the specimen. 

Residual stresses are also needed, and these can be defined by simulations or measurements. 

Notch stress variation and its stress ratio can find out for example from FEM with external 

load affecting the joint. When these parameters are known, fatigue resistance for specific 

locations can be calculated by using the 4R method. This makes possible to produce fatigue 

resistance estimations during welding with the digital quality control system. (Skriko, et al., 

2020b.) 
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4 EXAMPLE  CASES 

 

 

In this section of the thesis, two different cases are studied. Different structural shapes are 

analyzed to be able to optimal shapes of the structures. The first case is K-joint in tubular 

truss and second trapezoidal stiffener in a plate. 

 

4.1 Truss with K-joint 

Trusses are used in bridges and buildings where long spans are needed. Warren and Pratt 

type trusses are widely used. Branch members form a triangulated web in between the top 

and bottom chord members. Warren truss uses K-joint connection in between the branches 

and chord members whereas N-joint is used in Pratt trusses.  

 

K- or N-joints can be overlapped or gapped. These are shown in figure 28. In this study, only 

K-joints in square hollow sections (SHS) members are examined. Generally, it is assumed 

that overlapped K-connection is stronger, more rigid and better to resist fatigue than gapped. 

However, gapped K-connection is easier to fabricate and therefore cheaper to manufacture 

with traditional manufacturing methods. (Tousignant & Packer, 2014.) In this section 

comparison of the overlapped and gapped K-connections is made to investigate how much 

stronger statically and more resistant to fatigue overlapped K-joints are. Used structural 

members are 100x100x5 SHS in a chord and 80x80x4 SHS as a diagonal braces. Material is 

S355 structural steel. The angle between the brace and the chord is set 45°. Overlap 

percentage is set to 50% in overlapped joint and gap width between diagonals is 10mm in 

gap joint. Differences between these K-connections is presented in figure 28. 

Figure 28. Gapped and overlapped K-connection (Tousignant & Packer, 2014). 
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The study is divided into analytical methods and numerical FEM. In analytical calculations, 

the ultimate strength and the fatigue resistance of the connections are calculated based on 

Eurocode 3 (EC3) equations and stress concentration factors found in the literature. The 

finite element analysis (FEA) is based on two fatigue analysis methods: the structural hot 

spot stress and the local effective notch stress (ENS). Also, two additional styles of the 

overlapped K-joint are analyzed: square bird peak and diamond bird peak. These are 

presented later in the FEA section. 

 

4.1.1 Analytical calculations  

The static strength of the K-joint was calculated with equations based on EC3. In tables 4 

and 5, range of validity for welded joints between SHS brace and chord is shown. The 

parameters of the studied joints are within these conditions so that means chord face failure 

is only design criteria in gap joints and brace failure in overlap joints. (EN 1993-1-8 , 2005.)  
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Table 4. Limits for welded SHS joints (EN 1993-1-8 , 2005). 

 

Table 5. Terms for equations 1 and 3 (EN 1993-1-8 , 2005). 

 

 

Static strength of gapped K-joint Ni,Rd in chord failure can be calculated with the following 

equation: 

 

 ὔȟ
ȟ ȟ

Ⱦ‎              (1) 

Where, 
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              (2) 

kn = 1, value from SFS EN 1993-1-8 for tension 

fy0 = material yield strength 

t0 = wall thickness of the chord 

ɗi = angle between brace and chord 

b1 = width of compression brace 

b2 = width of tension brace 

b0 = width of chord member 

ɔM5 = Safety factor 

Overlap joint overlap percentage, ɔov are decided to be 50%. That means brace failure 

strength of the overlapped K-joint Nj,Rd can be calculated with the equation (3) below. Only 

the overlapped brace needs to be checked. 

                ὔȟ Ὢὸὦ ὦȟ ςὬ τὸȾ ‎                         (3)

  

Where, 

             ὦ  
ϳ

ὦ                                  (4) 

             ὦȟ  
ϳ

ὦ             (5) 

fyi = material yield strength of tension brace 

fyj = material yield strength of compression brace 

ti = wall thickness of the overlapping brace 

bi = width of the tension brace  

bj = width of the compression brace  

hi = hight of overlapping brace 

 

Parameters beff and be,ov should be equal or smaller than bi.  

Fatigue of the K-joint is calculated according to CIDECT Design Guide 8 (Zhao, et al., 

2001). Because this study focusses only on the detail of specific joint, forces for the joint are 
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taken from an example of the design guide and scaled to smaller by dividing by two because 

of smaller profile members. Original forces of the design guide 8 were calculated with 

simplified frame analysis with pin-ended braces for triangulated trusses or lattice girders. 

This produces axial forces in the braces and bending moments and axial forces for the chord. 

According to EN 1993-1-9: Eurocode 3 magnification factors could be used to account for 

secondary bending moments in SHS joints. These arenôt used in this study but it should be 

noted that for overlapped K-joints the magnification factor is smaller (1.3) than for gap joint 

(1.5). This means that forces affected in the gap joint are a little higher in reality and therefore 

the strength and fatigue life should be a little lower. Axial forces and bending moments of 

the joint are divided to two loading conditions, basic balanced axial loading and chord 

loading, which are shown in figure 29. Forces are: 

Fbraces = 8600 N 

Fchord = 6081 N 

Fchord2 = 114920 N 

Mchord = 553 Nm 

Figure 29. Two load conditions (Modified: Zhao, et al., 2001). 

According to CIDECT design guide 8, it is assumed that only brace which has tensile force 

range is possible to have fatigue failure. Nominal stress range for load condition 1 is 

calculated with equation (6) and for load condition 2 with equation (7): 

 

         „ ȟ                         (6) 

„ ȟ              (7) 

Where, 

A1 = Cross-section area of the tension brace member 
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A0 = Cross-section area of chord member 

W0 = Section modulus for chord member 

 

The hot-spot stress method considers effect which raises stress at the structural discontinuity. 

These hot-spot locations are located in a welded joint where cracks are possible to initiate 

under cyclic loading due to increased structural stress. Hot spot stress is the sum of the 

membrane and bending stress at the weld toe. The non-linear stress part is not included in 

this sum because it is included in the S-N curve. (Saini, et al., 2016.) 

 

Stress concentration factor, Kt, is the ratio of the hot-spot stress and the nominal stress. Kt 

factors for gapped K-joints can be calculated with the following equations:  

 

                  ὑȟ ȟ πȢτψ‍ πȢυ‍
Ȣ Ȣ

ǰ
ς‎ Ȣ†ȢὫǰȢÓÉÎ— Ȣ

  (8) 

                     ὑȟ ȟ πȢππψπȢτυ‍ πȢστ‍ ς‎Ȣ† Ȣ ÓÉÎ— Ȣ
               (9) 

                                            ὑȟ ȟ ςȢτυρȢςσ‍Ὣǰ Ȣ                    (10) 

Where, 

                ‍                             (11) 

 Ὣǰ                (12) 

     ‎               (13) 

  †              (14) 

g = gap of the braces 

 

Gap of the gapped K-joint is set to a minimum which is 10 mm. That comes from the range 

of validity table from EC3. Stress concentration factor for a brace in load condition 2, 

Kt,brace,load2 is negligible so it is considered as zero. Hot spot stress ranges, S, are calculated 

by multiplying stress concentration factors, Kt, and nominal stress range. 

 

  Ὓ ὑȟ ȟ „ ȟ ὑȟ ȟ „ ȟ               (15) 

     Ὓ ὑȟ ȟ „ ȟ ὑȟ ȟ „ ȟ           (16) 
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Finally, the fatigue life of the joint can be calculated from the equations below. The equations 

are based on S-N-curves for steel (Hobbacher, 2008). Nf,chord is fatigue cracking in the chord 

and Nf,brace is fatigue cracking in the brace. 

 

                 ὔȟ
ᶻ

ᶻ
ςzz ρπ           (17) 

    ὔȟ
ᶻ

ᶻ
ςzz ρπ           (18) 

Where, 

                  Ὢ ȟ            (19) 

tref = Reference thickness, 25 mm (Niemi, et al., 2018, p. 40) 

teff = Thickness of the member 

FAThs = Fatigue class for hot spot stress range  

ɔs = 1.25, partial safety factor  

 

tref  is 25 mm, teff  is 5mm, the thickness of the chord member and FAThs 90 MPa for load-

carrying fillet weld joint (Niemi, et al., 2018, p. 40; EN-1993 1-9, 2005, p. 40). 

 

Fatigue calculation for overlap K-joint is similar. Differences are in stress concentration 

factors. These equations are presented below: 

 

    ὑȟ ȟ πȢυ ςȢσψ‍ ςȢψχ‍ ςȢρψ‍‗ πȢσω‗

ρȢτσÓÉÎ— ς‎Ȣ†Ȣ‗ Ȣ Ȣ ÓÉÎ— Ȣ Ȣ              (20) 

 

ὑȟ ȟ πȢρυρȢρ‍ πȢτψ‍
Ȣ
ς‎Ȣ† Ȣ‗ Ȣ Ȣ ÓÉÎ— Ȣ (21)

  

  ὑȟ ȟ ρȢς ρȢτφ‍ πȢπςψ‍          (22) 

 

4.1.2 Finite element analysis of the K-joint  

In this study numerical finite element analysis is used to get concentration factors, hot spot 

stresses and effective notch stresses for different K-joint types. FEA in this study focusses 

only on the fatigue resistance of the K-joints. 
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4.1.3 Methods to estimate fatigue life  

Traditionally fatigue resistance has been estimated by using nominal stress and tables for 

known joint types based on S-N-curves. However, this method doesnôt analyze how the 

dimensions of the joint effect on fatigue strength. Also determining nominal stress is difficult 

if the structure has a complex shape. (Niemi, et al., 2018, pp. 2-3.) 

 

Other methods that are based on S-N-curves and FAT-classes are structural hot spot stress 

and effective notch stress (ENS). These methods consider the size effect of the joint and are 

therefore generally more suitable to use and more accurate compared to the nominal stress 

method. These methods also benefit from modern powerful computers and FEA programs. 

S-N-curves are based on experimental studies so structural and local stress concentrations 

are included in these. The S-N-curves has different FAT-classes for different joint details. 

FAT-classes are based on stress ranges in which the joint can resist 2x106 stress cycles. 

Equations 17-18 are formed from these S-N-curves. (Niemi, et al., 2018, pp. 2-3; Hobbacher, 

2008, p. 41.) 

 

4.1.4 Hot spot stress  

The structural hot spot stress method includes stresses from structural discontinues. Local 

non-linear stress peak is not included because it is taken into account in FAT-classes. 

Therefore the hot spot stress isnôt taken directly from weld toe but is linearized from points 

next to weld toe where the stress peak doesnôt show up anymore. (Niemi, et al., 2018, pp. 5-

8.) 

 

Typically, the weld toe represents a notch that leads to non-linear stress distribution through 

plate thickness. The total stress is formed from three parts: membrane stress, shell bending 

stress, and non-linear stress peak. The hot spot stress (ůs) consists of only two of these: the 

membrane (ům) and the shell bending stresses (ůb). The non-linear stress peak is excluded 

because local weld toe geometry isn't known in advance. These two parts are shown in figure 

30. (Niemi, et al., 2018, pp. 7-9.) 
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Figure 30. Consist of structural hot spot stress in plates (Niemi & Kemppi, 1993, p. 234). 

 

Figure 31. represents how local non-linear stress peak in weld toe are excluded from hot spot 

stress. The stress is linearly extrapolated from two points which are 0.4t and 1.0t distance 

from the weld toe. The stress in the points can be measured with strain gauges from real 

specimen like in figure 31 shows or it can be taken from FEA which is used in this study.  

Figure 31. Linear extrapolation to the weld toe to estimate the hot spot stress (Niemi, et al., 

2018, p. 14). 

 

When the points are located 0.4t and 1.0t from the weld toe, the next equation can be used 

to perform linear extrapolation (Niemi, et al., 2018, p. 14). 

 

          „ ρȢφχ„Ȣ πȢφχ„Ȣ            (23) 

 

Where, „Ȣ  and „Ȣ  are stresses in 0.4t and 1.0t distance from the weld of toe. To get 

fatigue resistance life cycles, equations 17 and 18 are used. Stress concentration factors can 

be calculated with the equation below. 

 

ὑ              (24) 
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Where ůnom is a nominal membrane or bending stress. It is calculated by elementary stress 

analysis or uni-axial measurement. 

 

4.1.5 Effective notch stress  

Effective notch stress (ENS) is a total stress at the bottom of fictitious weld notch. In 

calculation, it is assumed that material behavior is linear-elastic. In this method, a real notch 

of the weld is replaced by an imaginary notch which radius is the real weld notch summed 

by 1 mm. Usually, like in this case, the real weld notch is assumed to be sharp notch so the 

radius of the effective notch root is 1 mm. The ENS method can be used for weld root and 

toe but this study focusses only on weld toe. In figure 32, places where ENS method can be 

used, are presented.  (Hobbacher, 2008, p. 34.) 

Figure 32. Roundings of the effective notch stress method in fillet-welded and butt-welded 

joints (Hobbacher, 2008, p. 35). 

 

When using the ENS method, life cycle calculations are based on S-N-curves just like in the 

hot spot stress method. FAT-classes are however different. For maximum principal stress, 

225 MPa is used and for Von Mises stress hypothesis 200 MPa is used. Benefits of the ENS 

method ara that local notch stress is taking into account the effect of local geometry and 

shape of stress distribution. Although the geometry of the weld should be at least equal to 

normal workshop quality, which means C-class, at least in the weld toe. Then normal 

imperfections and residual stresses are included for used FAT-class. (Fricke, 2013, p. 763.) 

 

4.1.6 3D models for FEA  

3D models for the analysis were modeled with Solidworks 2017 program and the finite 

element analyses were performed with FEMAP/Nastran NX program. For each joint type, 

two different solid models were made. One for hot spot stress method and one for ENS 
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method. For hot spot models, two lines were made in 0.4t and 1.0t distance from weld toe, 

to easily get correct stress values from the FEA model. For the ENS model, r=1 fillet 

roundings were made in the weld toe. Welds are modeled to have 2.5mm vertical height all 

around because then it matches the distance between the brace and corner rounding of the 

chord. That helps modeling and meshing. Cut edges of the braces are beveled and the weld 

is idealized to be fully penetrated so that there is no air cap in between of braces and chord. 

All models utilize symmetry constraints so they are split in half longitudinally to reduce the 

number of elements. In overlapped joints, the overlapped members' edge which stays under 

the overlapping member is also connected to the chord. All K-joint models have 500 mm 

chord length and circa 200 mm brace length. Overlapping models have a 50% overlap 

percentage. Solidworks 3D models for hot spot analysis without being cut in half are shown 

in figures 33-36. 

 

 

 

Figure 33. Gapped K-joint 
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Figure 34. Overlapped K-joint 

 

 

 

Figure 35. Square bird beak K-joint 
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Figure 36. Diamond bird beak K-joint 

 

In square bird-beak K-joints, the chord has been turned 45 degrees around its longitudinal 

axis. In diamond bird-beak, both the braces and the chord has been turned 45 degrees around 

their longitudinal axis. One other option would be to turn only braces 45 degrees but that 

would make braces wider than the chord so it would need different sizes for the braces. This 

option hasn't taken into account in this study. 

 

20-node hexahedral elements were used in gapped and overlapped K-joints in hot spot stress 

analysis. In square and diamond bird beak hot spot stress models ten-node tetrahedral 

elements were used because of difficulties in using hexa elements in complex shapes. 

Hobbachers guide (Hobbacher, 2008, p. 31) for element sizes were followed. The largest 

elements in lines of interest in hot spot stress models were 0.3t. 

 

Ten-node tetrahedral elements were used also in all ENS models to get small element sizes 

easily in the rounding part. The element sizes in the rounding were smaller than 0.25 mm as 

recommended by Hobbacher, (2006). Coarse mesh was first created and then mesh size and 

quality were improved in founded location of interest.  
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The material of the models is steel with a modulus of elasticity of E = 2.1 x 105 N/mm2 and 

a Poisson's ratio of v = 0.3. Material assumed to behave linearly so linear static analysis was 

performed in FEA. 

 

4.1.7 Forces and constraints  

Symmetry constraints are used in all models because of half models. In figure 37, there is a 

presented surface in yellow where symmetry constraint is placed. It prevents movement in 

the x-axis direction. 

Figure 37. Symmetry constraint 

 

The forces of the K-joints are presented in figure 38. They are split in half from initial data 

to match half models. A f ixed constraint is placed in the other end of the chord and tension 

forced brace is located at the same end of the joint. In overlapped joints, the brace which 

overlaps the other brace is set to be tensioned brace.  
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Figure 38. Forces and directions of the load cases (Modified: Zhao, et al., 2001). 

 

4.1.8 Results of the case 1 

This chapter presents the results of the analytical calculations and FEA. The results of static 

resistance calculations are shown in table 6. 

 

Table 6. K-joint static resistance 

Failure mode Static resistance 

Chord face failure in gap joint 283 kN 

Brace failure in overlap joint 333 kN 

 

In table 7, there are four different SHS profile sizes in overlapped joints where similar static 

resistance is archived than in a gapped joint. 

 

Table 7. K-joint overlapped static resistances 

Brace failure in overlap joint Static resistance 

Chord: 80x80x4 Braces: 70x70x4 283 kN 

Chord: 100x100x4.5 Braces: 80x80x3.5 282 kN  

Chord: 70x70x5 Braces: 60x60x4 281 kN  

Chord: 60x60x5.5 Braces: 50x50x4.5 292 kN  

   

 

In table 8, there are presented stress concentration factors from FEA models and calculated 

stress concentration factors from literature (Kref). These are only from gapped and overlapped 

models where stress concentration factors are available from the literature. 
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Table 8. Stress concentration factors.  

K-joint type 
KFEA Kref KFEA/ Kref 

Gapped K-joint     

Kt,brace,load1 5.96 5.86 1.02 

Kt,chord,load1 3.82 4.45 0.86 

Kt,chord,load2 1.69 2.85 0.59 

 
   

Overlapped K-joint    

Kt,brace,load1 4.39 6.39 0.69 

Kt,chord,load1 1.96 6.07 0.32 

Kt,chord,load2 1.86 2.35 0.79 

 

In table 9, there are presented hot spot stresses from the FEA and analytical calculations. 

These are also just for gapped and overlapped K-joints. 

 

Table 9. Hot spot stresses. 

K-joint type 
F̀EA (Mpa) 

Ànalytical 
(Mpa) 

F̀EA/ 

Ànalytical 

Gapped K-joint  
  

h̀s,brace,load1 43 42 1.02 

h̀s,chord,load1 27 32 0.86 

h̀s,chord,load2 87 147 0.59 

 
   

Overlapped K-joint    

h̀s,brace,load1 31 46 0.69 

h̀s,chord,load1 14 44 0.32 

h̀s,chord,load2 96 121 0.79 

 

 

In table 10, the highest hot spot stresses and effective notch stresses are presented. These are 

sum between chord axial load and chord bending load. Also overlapped joints results are 

dived by gapped joints result.  
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Table 10. The highest hot spot stress and ENS 

K-joint type 
Highest Hot spot 
stress (MPa) 

Relative to 
Gapped K-joint 

Highest effective 
notch stress 
(Mpa) 

Relative to 
Gapped K-joint 

Gapped K-joint 115 1 269 1 

Overlapped K-joint 110 0.96 247 0.92 

Square bird beak K-joint 94 0.82 164 0.61 

Diamond bird beak K-joint 102 0.89 243 0.90 

 

In table 11, there are presented life cycles of the joints and their relation of gapped K-joint. 

Analytical calculations arenôt done for square and diamond bird beak K-joints. 

 

Table 11. Life cycles of the joints.  

K-joint type 

Hot spot 
stress cycles 
(pcs) 

Relative 
to 
Gapped 
K-joint 

Effective 
notch stress 
cycles (pcs) 

Relative 
to 
Gapped 
K-joint 

ENS /   
Hot Spot 
stress 

Analytical 
calculation 
(pcs) 

Relative 
to 
Gapped   
K-joint 

Gapped K-joint 2 116 000 1 2 558 000 1 1.21 556 000 1.00 

Overlapped K-joint 2 384 000 1.13 3 308 000 1.29 1.39 712 000 1.28 

Square bird beak 
K-joint 

3 885 000 1.84 11 174 000 4.37 2.88  
 

Diamond bird beak 
K-joint 

2 998 000 1.42 3 456 000 1.35 1.15  
 

 

 

Figures 39-46 present locations where the highest stresses occur in the joints. Red lines show 

where the hot spot stresses are taken and also effective notch stresses are picked in these 

places from the weld toe.  
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Figure 39. Highest stress location in gapped K-joint. Load case 1 (axial loading) 

 

Figure 40. Highest stress location in gapped K-joint. Load case 2 (chord bending moment) 
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Figure 41. Highest stress location in overlapped K-joint. Load case 1 (axial loading) 

 

 

Figure 42. Highest stress location in overlapped K-joint. Load case 2 (chord bending 

moment) 
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Figure 43. Highest stress location in square bird peak K-joint. Load case 1 (axial loading) 

 

 

Figure 44. Highest stress location in square bird peak K-joint. Load case 2 (chord bending 

moment) 
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Figure 45. Highest stress location in diamond bird peak K-joint. Load case 1 (axial loading) 

Figure 46. Highest stress in diamond bird peak K-joint. Load case 2 (bending moment) 

 

In diamond bird peak K-joint, the highest chord stress in load case 1 is in a different location 

than in load case 2. When chord stresses from both load cases are summed, the load case 2 

places is used also when picking stress value from load case 1 because that makes the highest 

overall stress value. The stress values of these locations are presented in table 12.  
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Table 12. Highest stress values   

K-joint type Stress type 
Hot spot 

stress (Mpa) 

Effective 
notch stress 

(Mpa) 

 
ENS /  Hot 

spot 

Gapped K-joint ,̀brace,load1 43 93 2.18 

 ,̀chord,load1 27 98 3.59 

 ,̀chord,load2 87 170 1.96 

  
   

Overlapped K-joint ,̀brace,load1 31 62 1.99 

 ,̀chord,load1 14 54 3.82 

 ,̀chord,load2 96 193 2.01 

  
   

Square bird beak K-joint ,̀brace,load1 27 39 1.49 

 ,̀chord,load1 6 10 1.71 

 ,̀chord,load2 88 154 1.76 

  
   

Diamond bird beak K-joint ,̀brace,load1 16 33 2.09 

 ,̀chord,load1*  5 29 5.71 

 ,̀chord,load2 97 214 2.21 

*The stress value is not highest, it is from the same place than chord stress with load case 2 

In table 13, there are collected weld lengths from all four models.  

 

Table 13. Length of the welds in K-joints 

K-joint type 

Fillet weld 
(mm) 

Single 
bevel 

groove 
weld (mm) 

Total 
(mm) 

Gapped joint 780 0 780 

Overlapped joint 660 95 755 

Square bird beak 760 150 910 

Diamond bird 960 0 960 

 

4.1.9 Analysis of the case 1 

The effective notch stress method doesnôt work when the load is in the same longitudinal 

direction as the weld. Probably thatôs why the ENS fatigue life in square bird peak is much 

higher, 188%, compared to the hot spot stress method than in other K-joint types. In the 

square bird peak joint, the weld line where the highest stress is located is 45° to the 

membrane stress in the chord. In the diamond bird peak joint, the difference between hot 

spot stress and ENS are smallest. ENS cycle count is 15% larger than hot spot. There the 
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force affects completely perpendicular to the weld. In gapped and overlapped K-joints, there 

is a small amount of non-perpendicular stress in the highest stressed weld. This can affect 

little to ENS results which are 21% larger than hot spot in gapped and 39% in overlapped.  

 

It can be seen from the results that the analytically calculated stress concentration factors 

from the literature are significantly larger than FEA models except in one case which is axial 

force in the gapped K-joint model. These higher stress concentration factors leads to much 

more conservative fatigue life cycle values. Differences between K-joint types are quite clear 

with the sizes and parameters of this study. Overlapped K-joint has roughly 15% to 30% 

better fatigue and static resistance than gapped K-joint. Square bird beak K-joint has clearly 

best fatigue resistance even if only cycles from the hot spot stress method is exploited. With 

loads used in this study, the axial and bending moment of the cord is clearly the determinant 

load case in fatigue analyzing. The square bird beak has a smooth shape in high stressed 

areas which seems to lead to good fatigue resistance. Both bird beak K-joints have much 

lower chord stress in axial brace load cases which decreases overall chord stress and 

therefore improves fatigue life. Diamond bird beak K-joint seems to spread brace axial 

forces quite nicely but it has corners of both SHS, brace and chord, in the same spot which 

seems to be stress raiser. 

 

In gapped K-joint with chord loading case, the highest stress occurred in between the braces 

in the ENS method. However, when the sum of the two different load cases were made, the 

total stress was much higher in the heel side corner. Also, it was just a little bit higher than 

the cross brace.  Hot spot stress is hard to read from that place because another brace is 

located just next to it. 

 

The best fatigue design is achieved when the stress concentration factors (SCF) are lowest 

as possible. CIDECT design guide 8 suggest that the next general guidelines can be made.  

¶ ɓ ratios near to 1.0 give the lowest SCF. Medium ɓ ratios are instructed to avoid. 

¶ Low Ű ratios give good SCF, which means braces wall thickness as small as possible 

compared to the chord 

¶ Low 2ɔ ratios are good to use. That is achieved by relatively thick-walled chords. 

¶ Overlap K-joints are better than gap K-joints 

¶ Butt groove welds are better than fillet welds.  
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Stress raiser or discontinuity are the places where fatigue cracks occur and initiates. In 

welded connections this in many cases related to defect at the weld toe. Thatôs why weld 

quality is an important factor for fatigue resistance. Weld start and stop positions shouldn't 

be placed at places where high-stress concentrations are affected because these can cause 

even higher stress concentrations. (Zhao, et al., 2001.) 

 

Herion et al. (2017) researched K-joints where laser-cut gussets were placed inside of the 

gapped K-joint. In their study stress concentration factors of regular gapped K-joint were 

calculated using the same CIDECT design guide equations than in this study and FEA. The 

chord was 300x300x20 and braces 200x200x20 and the result was that CIDECT gave 29% 

higher stress concentration factors than FEA in axial brace loading load case. That is even 

more conservative than in this study. That leads to judgment that in K-joint fatigue 

calculation, stress concentration factors from literature arenôt very accurate but at least they 

are on the conservative side. In Herion's study, gusset plates placed through the chord and 

welded on the opposite side of the chord profile using laser cutting technology gave more 

stiffness to the joints. That leads to a reduction of the stress concentration factors in chord to 

33% compared to regular gapped K-joint. The cut section view of this design is presented in 

figure 47. (Herion, et al., 2017.) 

Figure 47. Section view of improved k-joint design (Herion, et al., 2017). 
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Fabrication difficulty of the K-joint depends on the shape of the joint. Even though square 

and diamond bird peak K-joints are stronger than traditional ones, they need a 3D tube laser 

cut machine to cut the exact shapes of the joints. Members of the overlapped K-joint could 

be cut with a saw because of more simple cut lines, but laser cutting would be beneficial 

because in sawing two different positions are needed for cutting overlapping member. In 3D 

laser cutting, complex cutting shapes doesnôt increase fabrication cost like in sawing. 

Gapped K-joint has the most simple cuts and therefore costs are lowest. In gapped K-joint 

the tubes don't need to be placed so precisely relative to each other compared to other joints, 

and a specific sequence isnôt needed. From table 13, it can be seen that diamond and square 

bird peak joints do have longer welds compared to traditional ones which increases costs.  

 

4.2 Trapezoidal stiffener 

In this second case example, an effect of bevel shape in trapezoidal stiffener is studied. Bevel 

shaped end of the trapezoidal stiffener should have little lower stress peak in the toe of weld 

compered to straight end according to fatigue classes from literature. The study is made with 

FEA using hot spot stress and effective notch stress methods. The study focusses on the end 

of one trapezoidal stiffener which is fillet welded on a plate. Both, the stiffener and the plate 

are made from steel. 

 

The trapezoidal stiffener, which forms closed shape, is easier to weld in digitized robotic 

welding because it stays in place without holding it in the right position and tack welds can 

be avoided. I or L shaped stiffeners would need something to hold them upright position and 

that would make additional difficulties in robot welding.  

 

4.2.1 Methods for case 2 

In this study, four different cases are examined: without bevel, straight 45° bevel and round 

bevels with 100 mm and 43.80 mm radius. In latter, the arc radius is the same as stiffeners 

height from top of the weld to the top of the stiffener. The end of the stiffener is welded 

around the edge of the plate in the inside of the trapezoidal shape. That weld goes 5 mm 

inwards in the unbeveled model and 30 mm in others because the bevel enables more space 

to move the welding torch further inside. 3D models of the cases are presented in figure 48 

and the dimensions of the models in figure 49. 
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Figure 48. Trapezoidal stiffeners. 

Figure 49. Dimensions of the stiffener 

 

A total of eight models were made with Solidworks 3D modeling software. For each shape, 

two models were made. Hot spot stress models have a lines in plate from 0.4t and 1.0t 

distance from the toe of the weld. ENS models have an r=1 mm fillet rounding in the toe of 

the weld. ENS models are also split in half and they use symmetry constraint in split line. At 

the back end of the models, the fixed constraint was used. It would be better if lateral and 

horizontal movements would be allowed because the fixed constraint prevents displacements 

caused by Poissonôs ratio. However, differences of the constraints were tested to be 

unnoticeable for key results. Force was defined so that 1 MPa of nominal stress was formed 

on the plate. That way stresses from the weld toe can be used as a stress concentration factor 

and fatigue notch factor. In figure 50, the locations of the applied stress and constraint are 

presented.  

Figure 50. Applied stress and constraint of the trapezoidal stiffener. 
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4.2.2 Results of the case 2 

Table 14 presents stress concentration factors (Ks) and fatigue notch factors (Kt) and beveled 

models related to the straight end.  

 

Table 14. results of the trapezoidal stiffer case 

Bevel type Stress type Ks Comparison Kt Comparison 

Straight end Von Mises stress 1.438  2.515  

 Max Principal stress 1.542  2.864  

  
    

45° straight bevel Von Mises stress 1.411 0.981 2.422 0.963 

 Max Principal stress 1.524 0.988 2.615 0.913 

  
    

R=43,8 arc bevel Von Mises stress 1.421 0.988 2.452 0.975 

 Max Principal stress 1.548 1.004 2.696 0.941 

      
R=100 arc bevel Von Mises stress 1.414 0.983 2.427 0.965 

 Max Principal stress 1.532 0.994 2.665 0.931 

      

 

In figures 51 and 52, there are presented where the highest stresses occur in models. 

 

Figure 51. R = 100 arc beveled ENS model with solid max principal stress contour 
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Figure 52. R = 100 arc beveled hot spot model with solid von mises stress contour 

 

Next, a case where ends of the straight beveled stiffener are bend 45° outwards, is analysed. 

The model is presented in figure 53. The weld size is the same as in previous models. Bended 

parts length is 25 mm.  

 

Figure 53. the beveled end of trapezoidal stiffener where the tips are bent 45° outwards. 
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In this case, symmetry constraints were added on the sides of the baseplate. These disable 

horizontal movements and therefore represents real situation better where multiple stiffeners 

are placed next to each other. These constraints are also updated for a model without bent 

tips and comparison between these two models is made. The constraints are presented in 

figure 54 and the results of this comparison are presented in table 15. 

 

Table 15. results of the bent tips model. 

Bevel type Stress type 

Ks Comparison Kt Comparison 

straight bevel 
without bent tips 

Von Mises stress 1.278   2.236   

  Max Principal stress 1.454   2.501   

   
 

 
 

straight bevel with 
bent tips 

Von Mises stress 1.307 1.023 2.386 1.067 

  Max Principal stress 1.469 1.010 2.685 1.074 

 

 

 

Figure 54. Constraints and force of the half modelled trapezoidal stiffener.  

 


