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Modern age has the scarcity of high strength and sustainable structural development. Ultra-

high-strength steel facilitates to exploit the assertion of high strength and sustainable 

structural development. A new type of material made of ultra-high-strength steel S1100 is 

investigated. Load carrying capacity designed by fillet weld is taken into main consideration. 

Along with the effect of heat input on non-load carrying joint designed by fillet weld is 

analyzed. For load carrying joint the focus on checking the validity of current design rules 

defined by Eurocode 3. To verify the objective, experimental test and FEA (finite element 

analysis) are done. Experimental test and conducting advance nonlinear analysis show a 

similar pattern of the outcomes, moreover describe the design Eurocode 3 is adequate for 

fillet welded load carrying joint and show slow cooling rate due to high heat input does not 

affect the S1100 material strength. This observation also includes the butt weld joint. 

Analysis of material behavior is carried out by drawing true stress and strain curve derives 

from base material testing.  
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1 INTRODUCTION  

 

 

When structural steel reaches a certain level of high strength then it is defined as ultra-high- 

strength steel. There is no limitation of the strength of ultra-high-strength steel as the 

development of technology causes the improvement of the steel that derives a new type of 

ultra-high-strength steel. (Maity & Kawalla 2011, p. 309.) However, the minimum threshold 

value of yield strength is limited to 780 MPa (Tamarelli 2011, p. 7).  

 

From the last 10 years, the improvement of the high strength steel carried out in two different 

ways. Developed by the process, quenching and tempering or thermomechanical rolling 

process. The first segment includes quenched steel S690Q, S890Q, S960Q, and S1100Q. 

Thermomechanical steel has average strength but a moderate level of toughness that includes 

S355M, S460M, and S500M. (Iliĺ et al. 2012, p. 503.) In figure 1 an improvement of the 

structural steel is shown. 

 

 

Figure 1. Structural steel development during the years (Iliĺ et al. 2012, p. 503). 

 

1.1 Designing ultra-high-strength steel 

Ultra-high-strength steel is a continuous improving steel type. Designing the alloy element 

in steel through the controlling of C, Si, Mn, Ni, Ti, Nb,V,B at a different level and by 

introducing different process results in ultra-high-strength steel. Some possible processes to 

gain ultra-high-strength steel can be solid solution strengthening, precipitation hardening, 

improving the microstructural grain size etc. (Klein et al. 2005, p. 544.) 
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A variety of ways exist to improve the mechanical properties of high strength steel. One of 

the ways is tempering the steel that influences the mechanical properties of the steel. An 

increase of tensile strength is possible by tempering the material but may require to 

compensate other features for example decrease of impact toughness. (Zhang et al. 2017, p. 

152.) An experiment on Aermet 100 has observed that a significant change happens to a 

change in tempering temperature. The author also mentioned that the presence of martensite 

and dispersion of carbide leads to a strength of the high strength steel. (Shi et al. 2016, p. 

184, 187.) It is observed that a high amount of toughness can be achieved by formation of 

reverted and steady austenite (Ayer and Machmeier 1993, p. 1943). The presence of 

austenite in lath martensite, retardant the growth of crack (Shi et al. 2016, p. 184). Another 

approach is done by direct quenching and tempering with the addition of Nb alloying 

element to obtain low carbon ultra-high-strength steel (Xie et al. 2018, p. 200). 

 

1.2 Static strength 

Every day the applications of steels are increasing. Modern civilization largely relies on 

source, supply & invention of steel material.  Designing and developing joints made of high 

strength steel is a challenging issue. Eurocode 3 deals with the design of the steel structure. 

The part 1-8 describes the static capacity of the welded joint of S235 to S460. For higher 

yield strength, EN 1993-1-12 is used that specifies the material having a yield strength more 

than S460 up to S700. (SFS-EN 1993-1-8 2005, p. 43; SFS-EN 1993-1-12 2007, p. 5.) The 

static capacity of the welded joint is investigated in different approaches. Static strength of 

conventional high strength steel on fillet welded connection has analyzed and some 

recommendation is provided to modify the Eurocode 3 (Kuhlmann, Günther and Rasche 

2008, p. 77).  Later on, development of strength capacity calculation for fillet weld of a 

material having yield strength of 960 MPa has been done (Björk, Toivonen and Nykänen 

2012, p. 71). 

 

1.3 General microstructure of ultra-high-strength steel 

High strength steel is typically structural steel having higher yield strength and higher tensile 

strength compared to conventional mild steel. The reason for evolving the high strength steel 

coming from the desire of increasing the payload of overall structure or making a light 

structure or wanted to increase the safety scale which results in saving energy as well as 

decrease the production cost. 
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A research has been done in trying to develop different types of high strength steel by 

utilizing processes called normalizing, quenching, tempering and thermomechanical rolling 

(Schroter 2011, p. 7-8). In Figure 2, a typical type of high strength steel microstructure is 

shown. 

 

 

Figure 2. Classical microstructure of high strength steel (Schroter, 2011, p.9). 

 

1.4 Heat input and cooling time on ultra-high-strength steel 

Welding ultra-high-strength steel causes a change in HAZ (heat affect zone). In case of 

fusion weld high temperature is required to smelt the material however region exposes too 

long time in high temperature can cause a problem. It is possible that due to the high 

temperature, undesirable grain size and hardness can be obtained (Rauch et al. 2012, p. 102). 

Too low heat input causes a lack of fusion and too high heat input causes HAZ area to be 

widened. Heat input has a great relation with cooling time t8/5. Higher heat input means the 

lower cooling rate and these parameters affect the mechanical properties of the HAZ and 

weldment (Kah et al. 2013, p. 359). 

 

Cooling time from 800 C̄ to 500 C̄ for direct quenched ultra-high-strength steel, 10 s is 

best to obtain a good strength which is explained in figure 3 (Suikkanen and Kömi 2014, p. 

250). 
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Figure 3. Effect of cooling time on material strength (Suikkanen and Kömi 2014, p. 250). 

Cooling time t8/5, keeping as 5 s is recommended for MAG welding for ultra high strength 

steel (Leiviskä et al. 2007, p. 12). An experiment on untempered martensitic ultra high 

strength steel shows that welding in high strength steel present enough softening area (Rauch 

et al. 2012, p. 106). In figure 4 showing that minimum hardness for untempered martensitic 

steel is obtained in the HAZ area. 

 

 

Figure 4. Softening happens in the HAZ area (Rauch et al. 2012, p. 106). 

 

1.5 True stress, strain, and toughness of the material 

A typical example for the tensile test is that a specimen faces tension in one side and other 

side remain fixed. A material having a cross section A, length of the material is L, fixed in 
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one end and facing axial force downward F, illustrated in figure 5, induces a stress in the 

material as well as ȹL amount of change in length. 

 

 

Figure 5. A typical example of a tensile test. 

So the stress will be according to the following equation 1. 

 

 
s
Ὂ

ὃ
 

 

(1) 

Due to the applied load, the material is displaced from its original length. Considering the 

original gauge length of the material is L and change in length is DL, so strain will be 

according to equation 2. 

 

 
e
Dὒ

ὒ
 (2) 

 

The defined stress and strain is based on the original cross section A and original length L 

and it is called engineering stress and strain. In the case of understanding the real scenario 

of the material, true stress and true strain value are obtained. True stress and true strain take 

the change in every single step of the cross-section area and length. So true stress is the 

relation between the updated cross-section of the specimen Ai and applied load. True stress 

is derived according to equation 3 where ůi is true stress, F is applied load and Ai is a current 

cross-section of the material. Equation 4 presents the relation between engineering stress and 
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true stress. Equation 5 shows the relation between engineering strain and true strain where 

Ůi is a true strain. Figure 6 shows the way of calculating engineering and true stress and strain. 
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Figure 6. Engineering and True Stress and strain calculation equations (Dowling 2013, p. 

145). 

Typically material exhibits ductile or brittle behavior. A combination of strength of the 

material and the plasticity of the material describe the toughness. It can also describe as a 

situation that the capacity of absorbing the energy before breakage. High carbon-containing 

material becomes more brittle and low content carbon becomes ductile. In figure 7 it clears 

that tough material shows both ductile and brittle behavior. 
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Figure 7. Definition of toughness (Nde-ed.org 2019). 

 

1.6 Research problem 

The rate of steel development is not proportional to the current design code development.  

To achieve ultra-high-strength, it is critical to maintaining steel formability, weldability, 

fatigue strength, and other features. The research problem is to verify the current design rules 

define by Eurocode 3, the effect of heat input and cooling rate due to welding in material 

performance and material behavior.  
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2 MATERIAL PROPERTIES   

 

 

The SSAB developed structural steel has a yield strength of 1100 MPa. The material is called 

Strenx 1100 Plus. Strenx 1100 Plus is quenched and tempered steel. The chemical 

composition of the material is shown in table 1. In table 2 and table 3 present the weld 

performance and mechanical properties of the Strenx 1100 Plus. 

 

Table 1.Chemical composition (SSAB, 2019). 

C 

max [%] 

 

Si 

max [%] 

Mn 

max [%] 

P 

max [%] 
S 

max [%] 

Al 

min [%] 

0.20 0.50 1.80 0.020 0.005 0.015 

 

Table 2. Typical weld performance (SSAB, 2019). 

t8/5 

(s) 

 
 

Rp0.2 

(MPa) 

Rm 

(MPa) 

A5 

(%) 

Fracture 

location 

CV 27 J at 

-40°C 

6-12 

 

>1100 1170-1210 11-12 BM (6 s) 

BM (12 s) 

WM OK 

FL+1 OK 

FL+3 OK 

FL+5 OK 

 

Table 3. Mechanical properties (SSAB, 2019). 

Thickness 

[mm] 

Rp02 min [MPa] Rm 

[MPa] 

A5 min [%] Bendingmin Ri/t 

both directions 

4.0-6.0 1100 1130-1350 10 3.5 

6.1-8.0 1100 1130-1350 10 4.0 

 

It is crucial to check the strength property of the welded joint. To observe this phenomena 

welded connection of Strenx 1100 Plus was examined. Current investigation includes fillet 

weld and butt weld. Undermatching filler  material was used to do the welded joint due to 

lack of matching filler material. The chosen filler material was Union X96 which is 
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recommended by the steel manufacturer. The chemical and mechanical properties of Union 

X96 are given in table 4 and 5. 

 

Table 4. Chemical composition of filler material (Alruqee.com, 2019). 

Union X96 

Typical composition of solid wire (WT-%) 

C Si Mn Cr Mo Ni 

0.12 0.8 1.9 0.45 0.55 2.35 

 

Table 5. Mechanical properties of filler material (Alruqee.com, 2019). 

Mechanical properties of all-weld metal 

Shielding 

gas 

 

Yield 

strength 

0.2% 

Tensile 

strength 

Elongation 

(L0=5d0) 

Impact values in J CVN 

 MPa MPa % At room 

temperature 

-500 C 

M21 930 980 14 80 47 
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3 DESIGN PROCESS FOR FILLET WELD  

 

 

For a welded connection, EN 13001-3-1 describes a plain equation that avoids the complex 

parametric effect. 

 

 

 
Ὢȟ

‌ ϽὪ

g
 

 

(6) 

Whereas fw,Rd is the design weld stress, fy is the minimum value of the yield stress in whole 

members and aw is a factor that basically relates to the types of weld and others. (SFS-EN 

13001-3-1:2012+A2:2018 2008, p. 35.) The above formula can be obtained for an 

understanding of the typical weld behavior. But more descriptive understanding is obtained 

by utilizing Eurocode 3. 

 

The capacity of the weld depends on the weld types and direction of the load. The strength 

of the fillet weld can be illustrated by defining stress elements in the critical plane of the 

fillet weld throat thickness that shows in figure 8 (Björk, Toivonen and Nykänen 2012, p. 

79).  The strength of the welded joint is correlated to the strength of base material and weld 

metal.  

 

 

 

Figure 8. Acting Stress members in the welded joint (Björk, Toivonen and Nykänen 2012, 

p. 79).   
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There are two ways to explain the design resistance of the fillet weld that are directional 

method and simplified method. Applied load in the welded connection, alters to stress 

members. Typically among the induced stresses, the normal stress parallel to the axis of the 

welded area is out of calculations. Rest of the normal stress and shear stress are critical to 

deciding the design resistance of the weld. The strength of the weld is acceptable on the 

following boundaries limitations.  

 

 

 
ŝ  σt̂ tᴁ

Ȣ
Ὢ

b Ͻg
 (7) 

 

¶ ŝ is the normal stress perpendicular to the throat 

¶ t̂ is the shear stress (in the plane of the throat) perpendicular to the axis of 

the weld 

¶ tớ is the shear stress (in the plane of the throat) parallel to the axis of the weld 

¶  fu is the nominal ultimate tensile strength of the weaker part joined 

¶ ɓw is the appropriate correlation factor taken from table 4.1 

(SFS-EN 1993-1-8 2005, p. 43.) 

 

The capacity of the X joint is defined by the following figure 9. The calculation is shown 

below. 

 

 

Figure 9. X joint weld capacity calculation 
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Where Fs load due to the normal stress. Ft load due to the shear stress. Now stress will be 
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Where sx is the normal stress, b is the width, t is the thickness 

 

 Ὂs Ὂt ŝ ϽὥϽὦ t̂ϽὥϽὦ  

 

Where a is the throat thickness 

 

 ŝ ϽὥϽὦ t̂ϽὥϽὦ s ϽὦϽὸ  

 
ŝ t̂
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So using Von Mises equation 
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According to Eurocode 3 using the boundary condition from equation 7 
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Where F is the load bearing capacity, a is the throat thickness, b is the width of the material, 

t is the thickness of the plate, fu ultimate capacity of the weld. 

 

The above equation satisfies the condition of weld fails at 45° angle. For symmetry weld 

equation, 9 and 10 can be used for defining leg length k1 and throat thickness a. The 

symmetry weld q = 45°, the failure plane will locate at an angle of Ŭ = 27° according to 

figure 10 (Björk, Ahola and Tuominen 2018, p 988-989). 

 

 

Figure 10. Critical plane, leg length in a symmetry weld (Björk, Ahola and Tuominen 2018, 

p 989). 
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For non-load carrying joint, the load-bearing capacity can be defined by equation 11 (Björk, 

Ahola and Tuominen 2018, p 988). 

 

 
Ὂ πȢωτϽ

ὪϽὸϽὦ

g
 (11) 

 

In the case of non-load carrying joint, it is important to calculate heat input and cooling rate. 

The heat input is calculated according to equation 12 (SFS-EN 1011-1 2009, p. 10). 
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ὗ ὯϽ

ὟϽὍ

ὺ
Ͻρπ (12) 

 

The cooling rate is calculated by cooling time t8/5. For cooling time independent to material 

thickness equation 13 and cooling time-dependent to material thickness equation 14 is used. 

(SFS-EN 1011-2 2001, p. 41.) 

 

 ὸȾ φχππυ Ὕ ὗρȾυππὝ ρ ȾψππὝ Ὂ (13) 

 ὸ τσππτȢσϽὝ ρπ ὗȾὸ ρȾυππὝ  ρȾψππὝ

Ὂ 

(14) 

 

Where Q is heat input in kJ/mm, Tp preheat temperature in °C, F3 is shape factor for 3D 

case [ï], F2 is shape factor for 2D case [ï], k is the thermal efficiency, U is the arc voltage  

in V, I is the welding current in A, v is the travel speed in mm/s.  
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4 SPECIMEN DESIGN 

 

 

To design the specimen, Solidworks 2015 model was used. The total length of the specimen 

was maintained according to the test machine specification. Basically, there were three types 

of welded joint utilized in this research. Specimen as a T or X joint depending on load 

carrying or non-load carrying and butt weld was selected. Figure 11 depicts the joint types. 

Table 6 summarizes the test plan for this thesis work. 

 

 

 

Figure 11. Joint types for the research. 

 

Table 6. Test plan 

ID 

 

Joint 

type 

Proces

s 

Post 

treatmen

t 

Dimensio

ns 

Test 

temperatur

e 

loading essential 

capacity 

parameters 

SB4 BW M  a =2*0.5 t RT FA symmetrica

l 

SB5 BW M  a =2*0.5 t RT FA symmetrica

l (K-joint) 

ST10 

 

NLC

X 

M  a =0.5 t RT FA symmetric 



25 

 

Table 6 continues. Test plan 

ID 

 

Joint 

type 

Proces

s 

Post 

treatmen

t 

Dimensio

ns 

Test 

temperatur

e 

loading essential 

capacity 

parameters 

SX11 NLC

X 

M HiFIT a =0.5 t RT FA treatment 

SX12 NLC

X 

M TIG a =0.5 t RT FA treatment 

ST13 NLC

X 

M  a =0.5 t -40 C̄ FA temperature 

SX14 NLC

X 

M HiFIT a =0.5 t -40 ̄ C FA temperature 

SX15 NLC

X 

M TIG a =0.5 t -40 ̄ C FA temperature 

SX16 LCX M  a =0.5 t RT FA welds 

SX17 LCX M  a =0.5 t -40 ̄ C FA welds 

SX18 LCX M  a =0.5 t RT FA welds 

SX19 LCX M  a =0.5 t -40 ̄ C FA welds 

Total 12       

 

4.1 Joining process 

Gas metal arc welding process is widely used to the welder as it is easy is to operate and the 

desired output is satisfactory. This summarization intention is to express a basic concept of 

gas metal arc welding. It can be described as a metal joining process where metal heated up 

by the introduction of arc between workpiece and filler material. Gas metal arc welding 

process is divided by manual, semi-automatic or fully automatic. Gas metal arc welding 

process ensures a good quality level weld and able to weld a high variety of material. The 

process is not constrained to material thickness. The process is efficient and capable of 

produce low heat input that ensures constant material property. (Lincolnelectric 2014, p. 2.) 

 

The metal was joined by the welding process. Robotized MAG (Metal Active Gas) welding 

was used for the specimens to maintain the heat input, throat thickness, and other factors. In 
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every specimen, the welding sequence and welding direction were marked down shown in 

figure 12. In appendix III the welding parameters are given. 

 

 

Figure 12. Welding sequence and welding direction 

This sequence and direction were maintained to overcome the problem of metallurgical 

change, heat input control, and other important factors. 

 

4.2 Dimension criteria and anticipated critical area of the specimen 

The test rig position considered as stationary so some of the dimensions took as constant. 

The length of half specimen kept around 413 mm for all cases. The neck width kept 60 mm 

and the fixing width of the specimen was 130 mm. In figure 13 only butt welded joint for 

single-V preparation is shown. The single-V preparation or double-V preparation, air gap 

for the butt weld was designed according to ISO 9692 (SFS-EN ISO 9692-1 2013, p. 13). 

 

 

Figure 13. Single V preparation butt weld joint 

The test was obtained to check the static capacity of the material. From the literature research 

and experience of the expertise, the failure can be assumed. In figure 13 the red circle shows 

where the failure can happen. In figure 14 and 15 represent the load carrying and non-load 

carrying joints configuration. The anticipated failure area for non-load carrying joint is the 
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same as the butt welded specimen and for the load carrying joint, the failure can happen in 

the weld. 

 

 

Figure 14. Load carrying joint 

 

 

Figure 15. Non-load carrying joint 

The extended wings in the specimens designed for maintaining certain starting and ending 

point for welding. The extended wings further used for taking macro graphs and analyze 

hardness.  



28 

 

5 EXPERIMENTAL PROCEDU RE 

 

 

The tensile test is the introduction of pulling on the material till to the breaking. This test is 

done for different purposes. (Dowling 2013, p. 123.) In this research, the purpose was to 

analyze the material and joint strength in tension. Typically the cross section of the specimen 

is either circular or rectangular. Here the specimen with rectangular cross-section was used. 

Usually, the end portion of the specimen keeps large for gripping advantage (Dowling 2013, 

p. 123). 

 

5.1 Test setup for room temperature 

The tensile test was performed for different types of joints. The design and welding were 

done according to the rules described previously. The test setup is presented in figure 16. 

Prior to testing, the specimen was colored in white and black dots for ARAMIS observation, 

however, the color is not visible in figure 16. The test rig can introduce 750 kN force to the 

specimen. 

 

 

Figure 16. Test setup for room temperature experiment.  
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Figure 17 shows that the specimen colored in the white and the black dot for visualization 

in ARAMIS. 

 

 

Figure 17. Prepared specimen before testing 

For getting accurate displacement, extensometer was used. Consequently, the length varies 

from 79 mm to 80 mm which had a deviation of maximum negative 1 mm. During the test, 

the strain rate was changed on three steps. On average 0.02 mm/s from 0 to 9 mm, 0.03mm/s 

from 9 to 14 mm, and 0.04mm/s from 14 to failure of the specimen. 

 

5.2 Test setup for -40 °C temperature. 

Some of the experiment was done in -40 C̄ temperature. The test setup is shown in figure 

18. 

 

 
Figure 18. Test setup for -40 °C temperature. 
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A cooling chamber was attached to maintain the -40 °C temperature. The test rig in this setup 

can produce 1200 kN force. An extensometer was attached to get the precise displacement 

value. Likewise the other setup, the extensometer maintained a length of 80 mm.   



31 

 

6 FINITE ELEMENT ANALY SIS 

 

 

For a complex structure under loading condition, it is difficult to anticipate the behavior of 

the structure. FE (Finite element) method is generally used to find the approximate solution 

of the problem. The concept of the FE method relies on converting a complex model to a 

simple model thatôs why the exact solution may difficult to predict by this method. 

Moreover, details computation of the model can give a better result. Typically the method 

involves dividing the whole model into small pieces. This pieces named element and each 

element is connected by node (Rao 2011, p. 3). The element size, number of elements, types 

of elements and so on depend on the types of structure and types of analyzing. 

 

The finite element analysis was done by FEMAP 12.0 software. A simplified geometry was 

used in the analysis. In this thesis work, two types of welded joint were utilized, butt weld 

and fillet weld. The fillet weld is categorized by load carrying joint or non-load carrying 

joint and in this scope, only X joint (load carrying or non-load carrying joint) was analyzed. 

 

6.1 Advance nonlinear analysis 

The finite element analysis was advance nonlinear static analysis. A function for weld and 

base material nonlinearity was defined. In FE model, material nonlinear type was plastic and 

hardening rule was isotropic. For material, stress vs strain function was defined. In the 

function, the total elongation for weld was 14 % and for the base material total elongation 

was 10 %. In this analysis, the load was applied as a force displacement along with a function 

and the function is time dependent. The models were designed by solid element. In models 

the Youngôs Modulus, E was 200,000 MPa and Poissonôs ratio, n was 0.3. 

 

6.1.1 Finite element analysis for load carrying joint 

To design the load-carrying joint, half of the model was drawn in FEMAP software. The 

interested area of the model was weld. So comparative refine mesh was maintained in weld 

and coarse mesh kept near the weld area in the direction of loading. In figure 19 the meshing 

of the load-carrying joint is shown. 
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Figure 19. Load carrying joint meshing 

15 elements were used in the weld. Through thickness which is global z-direction, 20 

elements were kept. Coarse elements were used away from the critical area which is in 

negative global x-direction according to figure 19. 

 

A symmetry constraint was used as the model was half of the whole specimen. X symmetry 

constraint was applied on the symmetry plane in the model. In figure 20, the constraints are 

seen. In load carrying joint constraints were applied in the node. The loading was applied in 

the negative global x-direction as the model needed to face tensile loading. 

 

 

Figure 20. Applied constraint and loading in load carrying joint 
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Figure 21 shows the initiation of stress concentration at the weld toe and root and at that 

moment the applied load on the model is 163 kN. The peak stress introduced at weld toe and 

weld root but the failure might not happen in weld toe or weld root because constrain effect 

hindered the growth of stress distribution and finally failed at weld. Figure 22 shows the 

stress concentration. Figure 23 presents the high stresses induced before rupture start. 

 

 

 

Figure 21. Output set 2, time 0.2. Applied load on the FE model 163 kN. 

 

 

Figure 22. Stress concentration at weld toe and weld root in FE model 
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Figure 23. Final situation of the model before rupture start. 

 

6.1.2 Finite element analysis for non-load carrying joint 

The non-load carrying joint was designed by utilizing half of the specimen. The loading and 

constraints were as like as the load carrying joint. For non-load carrying joint, the base 

material was interested so refine mesh was maintained in the anticipated base material area. 

Coarse elements were put away from the interested area for simplicity. Figure 24 shows the 

mesh in the model. 15 elements were kept in the weld and through thickness 20 elements 

were maintained. 60 elements were kept in the interested area of the specimen. 
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Figure 24. Non-load carrying joint meshing 

Figure 25 represents the constraint, loading and stress distribution of the model. X symmetry 

constraint was applied in the plane of symmetry and load was applied in the global x-

direction. Figure 26 shows the high stresses induced area before rupture start. 

 

 

Figure 25. Load, constraint and stress distribution in non-load carrying joint 
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Figure 26. Final situation of the non-load carrying joint before rupture start.  

 

6.1.3 Finite element analysis for butt welded specimen 

A full model was used to analyze the butt weld. So a fixed constraint was applied in one end 

of the model and loading was applied in another end. The weld was designed according to 

the macroscopic figure dimensions. Double V groove weld was designed and analyzed. 

Figure 27 shows the dimensions of the weld measured from the macro view of the weld. 

 

 

Figure 27. Butt weld dimension 
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Figure 28 shows the mesh in the model. Refine mesh was used in the weld and near the weld 

area. For simplicity coarse mesh was used away from the critical area. In the model, 20 

elements were maintained through the thickness. Figure 29 shows the loading, constraint 

and stress distribution applied in the model. 

 

 

Figure 28. Meshing in butt welded specimen 

 

 

Figure 29. Load, constraint and stress distribution in butt welded specimen 



38 

 

Figure 30 depicts the high stress area before the model failure started. The model shows the 

failure will happen in the base material. 

 

 

Figure 30. Final situation of the butt welded model before rupture start. 

 

6.1.4 Finite element analysis for the base material 

To analyze the material behavior base material was analyzed. A full model was utilized as 

the butt weld. Figure 31 shows the meshing of the base material model. 

 

 

Figure 31. Meshing in the base material model 
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As the full  model was utilized, the model was constrained at one end as fixed and other end 

faced load which shows in figure 32. 

 

 

Figure 32. Load, constraint and stress distribution in the base material model 

Figure 33 shows the maximum stress induced area of the base material model. 

 

 

Figure 33. Final situation of the base material model.  
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7 EXPERIMENTAL RESULTS 

 

 

Welded joint made of Strenx 1100 Plus, along with base material were tested. The ultimate, 

and yield strength of the respective material is measured by the experiment. The hardness 

measurement for each condition was also conducted. There were 1 T joint (non-load carrying 

joint), 8 X joint (non-load carrying joint), 4 X joint (load carrying joint), 2 butt weld joint 

and 1 base material tested.  

 

The yield stresses were measured according to figure 34. Remaining specimensô graphs are 

shown in appendix II  

 

 

Figure 34. ST11_T9, yield stress at 0.2%  

 

7.1 Hardness measurement 

The hardness of the specimen was measured according to figure 35. 
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Figure 35. Hardness measurement 

 

7.1.1 Non-load carrying joint hardness values 

The macro view of non-load carrying  joint is presented in the following Figures 36 and 37. 

Here, the green rectangular box represents the maximum hardness value. For non-load 

carrying joint the specimen is measured in 6 different lines. The hardness measurement starts 

with the written number or alphabet shown in the above mentioned figures (figure 36 and 

37). In this respect, the starting designation is W21, W22, W23, W24, W25, and W26. In 

addition, the hardness value is summarized in the table 7. 
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Figure 36. Non-load carrying specimen left side of the front view 

 

 

Figure 37. Non-load carrying specimen right side of the front view 

Figure 38-40 show the detail hardness distribution for the non-load carrying joint. These 

figures exhibit the portion of the model information. Besides, the remaining figures are 

enlisted in appendix I,1 



43 

 

 

 

 

 

 

 

 

 

 

Figure 38. W21 from base metal to the weld 

 

 

 

 

 

 

 

 

 

Figure 39. W22 from weld to the base metal 

 

Figure 40. W25 through thickness left side of the front view 
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Table 7. Hardness value of non-load carrying joint 

Position W21 W22 W23 W24 Position W25 Position W26 

0 369 401 369 390 0 439 0 436 

0.5 363 409 360 412 -0.5 439 -0.5 442 

1 365 415 362 412 -1 374 -1 377 

1.5 367 248 370 421 -1.5 377 -1.5 395 

2 387 395 367 409 -2 387 -2 377 

2.5 375 392 377 401 -2.5 379 -2.5 392 

3 469 404 449 423 -3 367 -3 374 

3.5 426 424 420 424 -3.5 379 -3.5 377 

4 424 432 412 426 -4 381 -4 375 

4.5 415 367 424 406 -4.5 379 -4.5 393 

5 412 369 415 377 -5 390 -5 374 

5.5 409 360 429 382 -5.5 372 -5.5 377 

6 409 372 400 367 -6 365 -6 353 

6.5 409 367 406 367 
  

-6.5 445 

7 414 367 404 370 
    

 

7.1.2 Load carrying joint hardness values 

For load carrying  joint, the starting designation are 3B, 3E, 4 ja 3C, 4A, 4D. The macro 

view of the load carrying joint specimen is illustrated in the Figure 41, where the green 

rectangular box depicts the maximum hardness value. Table 8 summarizes the hardness 

value at  different positions. 
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Figure 41. Load carrying joint front view 

 

Figure 42-44 show the detail hardness distribution for the load carrying joint. These figures 

exhibit the portion of the model information. Besides, the remaining figures are enlisted in 

appendix I,3 

 

 

 

 

 

 

Figure 42. 3B from weld to base metal 

 

 

 

 

 

Figure 43. 3E through the weld 
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Figure 44. 4 ja 3C  through the thickness 

 

Table 8. Hardness value of load carrying joint 

Position 3B Position 3E Position 4ja3 C Position 4A Position 4D 

0 411 0 406 0 414 0 406 0 414 

0.5 406 0.5 412 -0.5 451 0.5 400 -1 409 

1 397 1.5 406 -1 372 1 426 -2 420 

1.5 412 2.5 414 -1.5 379 1.5 406 -2.5 406 

2 414 3 414 -2 382 2 423 -3 403 

2.5 448 3.5 414 -2.5 379 2.5 451 -3.5 465 

3 387 4 432 -3 360 3 365 -4 382 

3.5 382 4.5 379 -3.5 364 3.5 360 -4.5 375 

4 371 5 367 -4 360 4 360 -5 370 

4.5 374 5.5 372 -4.5 370 4.5 353 
  

    
-5 367 

    

    
-5.5 369 

    

    
-6 370 

    

    
-6.5 377 

    

    
-7 461 

    

    
-7.5 423 
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7.1.3 Hardness values of butt welded specimen 

Figure 45 shows the macro view of butt welded specimen. The hardness measurement 

starting designations are HP1, HP2, HP3, HP4, HP5, HP6. Table 9 summarizes the hardness 

value. 

 

 

Figure 45. Butt welded specimen front view 

Figure 46-48 show the detail hardness distribution for the butt welded specimen. These 

figures exhibit the portion of the model information. Besides, the remaining figures are 

enlisted in appendix I,2. 

 

 

 

 

 

 

 

 

 

 

Figure 46. HP1 from base metal to the weld 
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Figure 47. HP2 from weld to the base metal 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48. HP5 through thickness 

 

Table 9. Hardness value of butt welded specimen 

Position HP1 HP2 HP3 HP4 Position HP5 HP6 

0 

 

365 415 365 372 0 414 409 

0.5 365 415 369 380 -0.5 415 427 

1 369 419 371 402 -1 432 424 

1.5 382 406 375 401 -1.5 424 430 

2 380 429 390 372 -2 360 350 

360

380

400

420

440

0 1 2 3 4 5 6 7 8

HP2

360

380

400

420

440

-7 -6 -5 -4 -3 -2 -1 0

HP5



49 

 

Table 9 continues. Hardness value of butt welded specimen 

Position HP1 HP2 HP3 HP4 Position HP5 HP6 

2.5 395 403 387 387 -2.5 362 380 

3 420 405 389 386 -3 379 370 

3.5 411 417 377 395 -3.5 374 377 

4 381 418 387 406 -4 358 372 

4.5 412 395 366 372 -4.5 379 376 

5 400 378 387 377 -5 390 390 

5.5 417 382 370 372 -5.5 395 387 

6 395 381 379 360 -6 392 386 

6.5 411 380 385 365 
   

7 406 384 382 369 
   

 

7.2 Outcomes of base material test 

The base material was tensile tested to analyze the Strenx 1100 Plus material behavior. The 

experimental results define the engineering stress and strain curve and utilizing this 

information a true stress and strain curve for this base material can be obtained. Figure 6 

explains the calculation method for engineering and true stress and strain. True stress si and 

true strain ei was calculated according to equations 15 and 16. 
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 From the experiment, the maximum stress value of the base material is 1112 MPa. Figure 

49 shows the engineering stress-strain and true stress-strain for the base material.  
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Figure 49. Engineering and true stress strain curves  

The failure in the given experimental test is shown in figure 50. The failure took place in the 

middle of the plate and the failure mode was ductile. 

 

 

Figure 50. Base material failure 

 

7.3 Outcomes of non-load carrying joint, butt welded specimen and base material 

The purpose of the non-load carrying joint is to check the heat input and cooling rate on 

critical failure place and capacity of the specimen. The heat input and cooling rates were 

calculated according to equation 12 and equation 13 respectively. Table 10 gives information 

about the heat input and cooling rate of the non-load carrying joints. The average heat input 

is 0.6 kJ/mm and cooling time is 8 s. The butt weld which specimen identifies by ST11_B5 

has the cooling rate of 13 s. 
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Table 10.Heat input and cooling time 

ID Weld ID Heat input (kJ/mm) 

According to equation 12 

Cooling time (s) 

Using equation 13 

ST11_T9 

 

1 0.60 8.8 

2 0.60 8.7 

ST11_X10 

 

1 0.60 8.7 

2 0.61 8.9 

3 0.60 8.7 

4 0.60 8.6 

ST11_X11 1 0.61 8.8 

2 0.61 8.9 

3 0.61 8.9 

4 0.60 8.7 

ST11_X12 1 0.60 8.6 

2 1.1 33.8 

3 0.60 8.7 

4 1.1 33.1 

ST11_T13 1 0.60 8.6 

2 0.60 8.6 

3 0.60 8.7 

4 0.60 8.6 

ST11_X14 1 0.60 8.6 

2 0.60 8.7 

3 0.60 8.7 

4 0.60 8.6 

ST11_X15 1 0.61 8.9 

2 0.60 8.7 

3 0.60 8.7 

4 0.60 8.7 
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Table 10 continues. Heat input and cooling time 

ID Weld ID Heat input (kJ/mm) 

According to equation 12 

Cooling time (s) 

Using equation 13 

ST11_X16 1 0.60 8.7 

2 0.61 8.8 

3 0.60 8.7 

4 0.61 8.8 

ST11_X17 1 0.60 8.7 

2 0.61 8.8 

3 0.60 8.7 

4 0.60 8.7 

ST11_X18 1 0.60 8.6 

2 0.60 8.6 

3 0.60 8.6 

4 0.60 8.6 

ST11_X19 

 

 

 

1 0.60 8.6 

2 0.60 8.6 

3 0.60 8.6 

4 0.60 8.6 

ST11_B5 

 

 

1 0.74 13.0 

2 0.73 12.9 

 

The failure of the specimens are shown in figure 51 ï 53. The rest of the specimen failure 

figures are shown in appendix V. It is a clearly seen that all most all failure occurs in the 

base material where the failure angle is approximately 30̄ or less than 30̄. Introduced high 

heat input ST11_X12 specimen also failed in base material. The failure mode of the 

experimented plate was ductile. Figure 54 identifies base material which is designated by 

ST11_B5 and the failure mode is the same as other specimen. 
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Figure 51. ST11_T9 

 

 

Figure 52. ST11_X12 

 

 

Figure 53. ST11_X13 

 

 

Figure 54. ST11_B5 

 

7.4 Outcomes of load carrying joint 

Four specimens were designed to calculate the load carrying joint analysis. Two specimens 

(ST11_X18 and ST11_X19 respectively) having a 4 mm throat thickness failed to show the 

desired result and broke in the base material. The rest of the two specimens (ST11_X20 and 

ST11_X21) with having a 3 mm throat thickness showed the desired results. Figure 55 shows 

the macro view of the specimen. From figure 55, nominal throat thickness is 3.12 mm and 

effective throat thickness (including penetration) is 3.7 mm.  
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Figure 55. Throat thickness measure of load carrying joint 

 

In figure 56 and 57 shows the failure mode of the ST11_X20 and ST11_X21. ST11_X20 

experimented in -40 C̄ and ST11_X21 experiment in room temperature. 

 

 

Figure 56. Weld failure in ST11_X20. Experimental temperature -40 C̄ 
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Figure 57. Weld failure in ST11_X21. Experimental temperature Room temperature. 
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8 RESULTS EVALUATION A ND COMPARISON 

 

 

The thesis work focused on specimens with butt welded, T-joint, X-joint, base material as 

reference. The comparisons of results included analytical calculation, experimental results 

and FEA. It is important to define material ultimate strength which is presented in table 11. 

The yield stress is defined at Rp0.2. 

 

Table 11. Maximum stress and yield stress 

Specimen identification Ultimate strength MPa Yield stress at 0.2 % MPa 

ST11_B4 1147 1102 

ST11_T9 1115 1069 

ST11_X10 1086 1050 

ST11_X11 1120 1080 

ST11_X12 1121 1088 

ST11_X13 1126 1075 

ST11_X18 1104 1073 

ST11_B5 1173 1123 

ST11_X14 1171 1140 

ST11_X15 1153 1113 

ST11_X16 1178 1153 

ST11_X19 1225 1160 

ST11_BM 1143 1112 

 

8.1 Comparison of butt welded specimen, base material and non-load carrying joint 

For butt welded specimen, base material and non-load carrying joint specimen, the analytical 

calculation is obtained by using the equation 11 because the failure angle is approximately 

30̄ . However specimen ST11_X12 the analytical calculation is done according to equation 

17 as the failure angle is not 30̄. 
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Where fu is the tensile strength of the base material. A comparison among this specimen is 

shown in table 12. 

 

Table 12. Load bearing capacity of butt welded specimen, base material and non-load 

carrying joint 

Specimen 

identification 

 

 

Experimental 

laod bearing 

capacity (kN) 

Analytical load bearing 

capacity (kN) 

Using the equation 11 

Ftest/Ftheoritical 

ST11_B4 550 497 1.1 

ST11_T9 535 482 1.1 

ST11_X10 521 474 1.0 

ST11_X11 537 487 1.1 

ST11_X12 538 522 (using equation 17) 1.0 

ST11_X13 540 485 1.1 

ST11_X18 530 484 1.0 

ST11_X14 562 514 1.0 

ST11_X15 553 502 1.1 

ST11_X16 565 520 1.0 

ST11_X19 588 523 1.1 

ST11_B5 563 506 1.1 

 

The data on force displacement was collected from the experiment. Here, the material 

strength is described by the force displacement curve. Figure 58 presents the force 

displacement curve for a specimen. The remaining curves are drawn in appendix IV. 
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Figure 58. Force displacement curve. ST11_X13 

The failure happens in the base material for all of these cases. The failure angle of the 

specimen is about 25̄ shown in figure 59. A comparison between the experimental values 

with finite element analysis value is shown in figure 60. 

 

  

Figure 59. Failure angle in base material. ST11_B5 
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Figure 60. Experimental and Finite element result. 

 

8.2 Comparison of load carrying joint 

A force displacement curve is drawn from experimental value and finite element analysis. 

Figure 61 shows the force and displacement relation curve and it represents that the results 

are following the same pattern. 

 

 

Figure 61. Experimental result and Finite element result 
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The experimental value and theoretical capacity of weld are summarized in the following 

table 13. For nominal throat thickness (3.12 mm), the load bearing capacity is 260 kN; where 

for effective throat thickness (3.7 mm), the load bearing capacity is 307 kN. The calculation 

is done using equation no 8. The experimental results show the capacity are 386 kN and 343 

kN for -40 °C and room temperature respectively. 

 

Table 13. Load carrying joint, theoretical and experimental capacity 

Specimen ID Experimental 

environment 

Theoretical capacity (kN) 

According to equation 8 

Experimental 

capacity 

(kN) Nominal 

throat 

thickness of 

3.12 mm 

Effective throat 

thickness of 3.7 

mm 

ST11_X20 -40°C 260 307 386 

ST11_X21 RT 260 307 Minimum 

343 

 

The failure angle of the specimen is measured from the macro view and done roughly. In 

figure 62 and figure 63, two specimens (namely ST11_X20 and ST11_X21) were examined 

in two different temperatures (-40 °C, and room temperature, respectively) showed that the 

failure angle for ST11_X20 specimen is around 71̄  and for specimen ST11_X21  it is 

18̄ .The failure angle is depicted by the FE model shown in figure 64 and the failure angle 

is 27̄ . 

 

 

Figure 62. ST11_X20, failure angel examined in -40 °C temperature 
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Figure 63. ST11_X21, failure angel examined in room temperature  

 

 

Figure 64. FE model load carrying joint depicts the failure angle   
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9 DISCUSSION 

 

 

This test program is performed to analyze the material behavior and weld performance 

according to Eurocode 3. The material is Strenx1100 Plus and material certificate values are 

1112 MPa yield strength and 1143 MPa ultimate strength. Basically, three types of joints 

were tested (namely butt joint, T joint, X joint) with FE analysis, an experimental test. The 

study covers the comparison of joint performance between the analytical, experimental and 

FEA results. Slightly undermatching filler material Union X96 is used for this experimental 

test. 

 

Material behavior is analyzed by assessing engineering and true stress and strain curve. A 

base material was tested for getting engineering and true stress-strain curve. An FE analysis 

for similar kind of base material is done to validate the used material parameters.  

 

Load carrying joint design by fillet weld type, X-joint, is investigated to verify the validation 

of the design rules for fillet weld rules presented in Eurocode 3. The geometry of the weld 

is crucial regarding load carrying capacity, where it was tested at room temperature and -40 

C̄ temperature. The ultimate capacity of the load carrying joint is 343 KN (minimum) at 

room temperature and 386 KN at -40 C̄ temperature. The results illustrate that the load 

carrying capacity determines by the Eurocode 3 is adequate. The critical failure plane is 

determined by Von Mises theory. A symmetry fillet weld is used for load carrying joint. 

From the experimental result failure angle is either 18̄ (specimen tested at room 

temperature) or 71̄ (specimen tested at -40 C̄ temperature) and for FE analysis the critical 

plane locates at 27̄. Two of the load carrying joint design with large throat thickness which 

summarized that if the weld capacity is big enough than the base material then it will act as 

a non-load carrying joint. 

 

The non-load carrying joint is being analyzed to understand the heat input, cooling rate 

effect. The specimens were tested at room temperature as well as -40 C̄. Almost all 

specimen results exhibit that the failure occurs in the base material with an angle of 30̄. The 

strength of the non-load carrying joint material can vary for fillet weld due to the softening 

effect. Slow cooling have softening effect in the material, where high cooling rate causes 



63 

 

very hard zone near to the fusion line. It is possible that a large throat thickness (also plate 

thickness or other joint dimensions) causes slow cooling in HAZ and makes softening in the 

material. Usually conventional steel and most of the high strength steel shows the softening 

effect in the HAZ. However, Strenx 1100 Plus did not follow the pattern and has a good 

hardness in HAZ. While considering cost effective process it is recommended to keep small 

throat thickness as well as to remove the softening effects. In addition, the heat affected zone 

containing the high hardness value is presented by hardness measurement. Furthermore, 

hardness value distribution is almost identical to all over that makes Strenx 1100 Plus 

material become a sustainable strength maintaining material in different conditions.  
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10 CONCLUSION 

 

 

The conclusion derived from the experimental results and other observation is applicable to 

the material quenched and tempered Strenx 1100 Plus. The material exhibits good 

weldability and heat effect sustainability that may differ to other ultra-high strength steel. 

Although the number of the specimen for load carrying joint was rather low, however detail 

observation bolstered the conclusion with Eurocode 3 standard in respect that the capacity 

of the weld is sufficient. Regarding non-load carrying joint, sufficient number of specimens 

was observed. In conclusion: 

¶ There is a resemblance in the results obtained from the theoretical, experimental and 

finite element analysis. 

¶ Eurocode 3 able to define the weld capacity for load carrying joint. 

¶ The base material has good toughness and ultimate capacity. 

¶ Hardness distribution is quite smooth in all cases. 

¶ There is no significant effect of heat input in the material. 

¶ Failure model of the specimens was ductile  

¶ Except for the load carrying fillet welded joints with throat thickness of 3 mm 

specimens fail in the base material, follow the von Mises stress theory, except 

ST11_X12 follows the maximum stress theory. 
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APPENDIX I, 1 

Hardness graph of non-load carrying joint. 

 

 

 

 

 

 

 

 

 

Figure 1. W23 from base metal to the weld 

 

 

 

 

 

 

 

 

 

Figure 2. W24 from weld to the base metal 

 

Figure 3. W26 through thickness right side of the front view 
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APPENDIX I, 2 

Hardness graph of butt weld. 

 

 

 

 

Figure 4. HP3 from base metal to the weld 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. HP4 from wed to the base metal 
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Figure 6. HP6 through thickness 
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APPENDIX I, 3 

Hardness graph of load carrying joint. 

 

 

 

 

 

 

Figure 7. 4A from weld to the base metal 

 

 

 

 

 

 

Figure 8. 4D through the weld 
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APPENDIX I, 4 

Hardness graph of non-load carrying T joint (NLCT-HiFIT treatment.) 

 

Figure 9. 1 from weld to the base metal 

 

 

 

 

 

 

 

 

Figure 10. 2 through thickness 
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APPENDIX I, 5 

Hardness graph of non-load carrying T joint (NLCT Tig). 

 

Figure 11. 1 from weld to base metal 

 

 

 

 

 

 

 

 

Figure 12. 2 through thickness 
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APPENDIX II 

Determining yield stress at 0.2% from experiment test and maximum stress. 

 

 

Figure 1. ST11_B4, yield stress at 0.2% 

 

 
Figure 2. ST11_X10, yield stress at 0.2% 
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Figure 3. ST11_X11, yield stress at 0.2% 

 

 
Figure 4. ST11_X12, yield stress at 0.2% 
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Figure 5. ST11_X13, yield stress at 0.2% 

 

 
Figure 6. ST11_X18, yield stress at 0.2% 
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Figure 7. ST11_X19, yield stress at 0.2% 

 

 
Figure 8. ST11_X14, yield stress at 0.2% 
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