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Abstract 
The Eurocode of aluminum, NEN-EN 1999-1-1 [1], does not include design rules for determining 
the resistance of joints between hollow sections in aluminum. The Eurocode of steel, NEN-EN 
1993-1-8 [2] Section 7, includes sets of design rules for the resistance of welded joints of hollow 
cross section in steel. These sets of design rules cannot be directly used for section joints in 
aluminum due to a number of differences in the material and geometrical properties between 
aluminum and steel: 

- The different mechanical properties in the heat affected zone and the under matched weld 
metal as experienced in aluminum does not occur in cases of (mild) steel. 

- The lower E-modules of aluminum, which makes local buckling in general more often decisive 
for compression loads. 

- The lower degree of elongation at rupture of aluminum compared to steel. 
- The different stress-strain relationship, aluminum has a round-housed relationship whereas 

mild steel exhibits a Lüders plateau. 
- Hollow section joints in aluminum are constructed with partial penetration welds, whereas 

for steel, full penetration can be achieved. 
- For aluminum rectangular hollow sections sharp corners can be achieved due to the 

extrusion processes. For steel corners of rectangular sections are rounded due to the 
production process. 

 
The main objective of this Master Thesis is to produce a new set of design rules for welded 
rectangular hollow section X-joints of aluminum alloys, loaded in tension. These are based on the 
following distinguished: 
- Weld failure 
- Chord face failure 
- Punching shear model in the HAZ 
- Brace failure in the HAZ 
- Chord side wall failure in the HAZ or a combination of HAZ and parent metal 
 
For all these different failure types, design rules are provided in this thesis. Firstly, the analytical 
models are composed for each failure type, by using the existing analytical models calibrated for 
steel and taking the above differences of steel and aluminum into account. These analytical models 
are then compared with the results of numerical (i.e. finite element) simulations of X-joints in 
aluminum. So, for each failure type numerical models are composed of geometries with various 
dimensions and of various alloys. Before applying this, the numerical models have been validated 
with the experimental test result of steel, because for aluminum X-joint experimental test results 
are not available. The experimental test results of A.M. Kanvinde [6] are used to validate the FE-
model of failure type weld failure. The experimental test results of J. Wardenier [2] are used to 
validate the FE-model of a plate to RHS chord X-joints. The experimental test results of G. Davies 
[10] are used to validate the RHS brace to RHS chord X-joints. The load versus displacement curves 
and failure modes of all numerical models corresponds with the results of the experimental tests. 
Secondly, the validated FE-models are converted into the properties of aluminum, by taking into 
account the differences in geometrical and material properties of aluminum and steel. 
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ri  : internal corner radius of the chord or braces 
ro : External corner of radius of chord or braces 

it  : The wall thickness of member (in mm) 
 
Abbreviations 
BF : Brace failure 
CFF : Chord face failure 
CFY : Chord face yielding 
CWF : Chord wall failure 
FE : Finite Element 
FFL : Fracture forming limit (line) 
PS : Punching shear 
RHS : Rectangular hollow section 
SHS : Square hollow section 
SFFL : Shear fracture forming limit (line) 
WF : Weld failure 
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1| Introduction 
Aluminum trusses are widely used in offshore and onshore structures. In offshore structures, the 
use of aluminum is preferable to steel because of its high corrosion resistance. Another beneficial 
property of aluminum is its low density. On places where a large span is needed, the supporting 
structures are mostly composed of a truss. A truss is composed of hollow section members. The 
hollow section members are joined together by welding the profiled ends of secondary members, 
the braces, onto the circumference of the main member, the chord. These aluminum trusses are 
used for support structures of helicopter decks, stair towers, bridges and gangways, among other 
things. Marine Aluminum is a company that is specialized in making these types of supporting 
structures. Figure 1-1 and Figure 1-2 show a telescopic gangway made of rectangular hollow 
sections welded together, constructed by Marine Aluminum Group. 
 

 
 
 
 
 
 

 
 
The Eurocode of aluminum, NEN-EN 1999-1-1 [1], does not include design rules for determining 
the resistance of joints between hollow sections in aluminum. Section 8 of NEN-EN 1999-1-1 [1] 
includes only the design rules regarding the strength of the welds and of the HAZ (heat-affected 
zone). If available, new design rules for hollow cross section joints will most likely be incorporated 
in the Eurocode 9. Numerical research and experimental research is needed to increase the 
understanding of the behavior of these types of joints.  
 
The Eurocode for steel structures, NEN-EN 1993-1-8 [2] section 7, has design rules for the 
resistance of welded joints of a hollow cross section. These sets of design rules cannot be directly 
used for hollow cross sections in aluminum, due to a number of differences in material properties 
and geometrical properties between aluminum and steel. These differences are: 

- The different mechanical properties in the heat affected zone and the under matched weld 
metal as experienced in aluminum does not occur in cases of (mild) steel. 

- The lower E-modules of aluminum, which makes local buckling in general more often decisive 
for compression loads. 

- The lower degree of elongation at rupture of aluminum compared to steel. 
- The different stress-strain relationship, aluminum has a round-housed relationship whereas 

mild steel exhibits a Lüders plateau. 
- Hollow section joints in aluminum are constructed with partial penetration welds, whereas 

for steel, full penetration can be achieved. 
- For aluminum rectangular hollow sections sharp corners can be achieved due to the 

extrusion processes. For steel corners of rectangular sections are rounded due to the 
production process. 

Figure 1-1; Telescopic gangways [source: http://m-
a.no/] 

Figure 1-2; Telescopic gangways [source: http://m-
a.no/] 
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Chapter 7 discusses the validation of the numerical model with experimental test results for 
determining the effective width ratio of brace plate on RHS chord. These experimental tests are 
performed by J. Wardenier [2]. 
 
Chapter 8 explains the cut-off criterion that is used to determine the ultimate resistance of the 
numerical models. The cut-off criterion is the point where you assume a crack will occur in the 
finite element model, based on strains. 
 
Chapter 9 considers the results of different numerical tests to investigate the effective width of 
brace plate on RHS member. 
 
Chapter 10 includes the validation of the numerical model with experimental test results of steel X-
joints loaded in tension. These experimental tests are performed by J. Wardenier [10]. 
 
Chapter 11 considers the results of different numerical tests of X- joints loaded in tension with the 
material properties of aluminum. 
 
Chapter 12 includes the new set of design rules for aluminum X-joints loaded in tension, which are 
based on the results of chapter 9 and 12. 
 
Chapter 13 provides a conclusion and recommendations. 
 
Chapter 14 lists the references with regard to the static strength of connections of rectangular 
hollow section and other relevant literature. 
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2| Literature study 
 

2.1 Introduction 
To gain better understanding of the problem, books and journal articles about rectangular hollow 
sections joints are discussed in literature study. The literature study is added in the appendix D. The 
literature study is divided into different topics. The first chapters are used to gain more insight in 
and information about the background of the design rules for joints in the Eurocode and the 
analytical models. The second topic concerns some reference literature about parametrical studies. 
The different parameters and combination of parameters there where used during the studies and 
the motivation of these parameters and combinations. The third topic in this literature study 
concerns numerical research. In this topic is discussed how the model symmetrical boundary 
conditions, the different types of elements, boundary condition and loading methods. This topic is 
used to construct the FE-models. Experimental research about rectangular hollow section joints in 
steel is also included in the literature study. The last topic of the literature study is about the 
Experimental research of rectangular hollow section joints in the material property of steel which 
will be used to validate the FE-models. 
 

2.2 Research work 
No prior research has been done on the static strength of RHS X-joints in aluminum. For joints in 
steel and cold-formed steel this type of research is already available. This research is used to 
determine the new design rules for X-joints in aluminum. In this section only the literature that 
contributions to this research is discussed. 
 

- J. Wardenier [15] investigated the behavior and strength of the intersections of different types of 
joints. Design rules and recommendations are developed based on analytical models and test 
results. The analytical models discussed in chapter 4 are based on the analytical models for steel 
RHS brace to RHS chord X-joint proposed in the research of J. Wardenier. 

 
- J. Wardenier, G. Davies and P. Stolle [1] investigated the effective width of branch plate to RHS 

chord connections in cross joints in tension. J. Wardenier concluded that the slenderness of the 
chord wall (b0/t0) affects the distribution of axial stress in the plate. Due to the non-uniformed 
stress distribution along the branch plate, part of the branch plate will be effective for the 
resistance. In this literature a tests program of single plates connected to the RHS chords is 
discussed. These tests are carried out and recommendations are made for the design of a branch 
plate to RHS chord connection regarding the effective width of the branch plate. During this 
research, the experimental tests are used to validate the FE-models of branch plate to RHS chord 
connections in cross joints. The experimental test program is discussed in Section 7.1 
Experimental test of branch plate to RHS Chord connections. 
 

- G. Davies, J. Wardenier and P. Stolle [10] investigated the effective width of branch cross walls for 
RR cross joints in tension. G. Davies concluded that proposed design rule for a branch plate to 
RHS chord connection could also be applied to the branch cross walls for RHS cross joints. The 
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The load q2 has to be transmitted to the side walls by bending. The bending stiffness of the top face 
of the hollow section and the hollow sections side walls determine the deformation. To ensure that 
the plate and the hollow section face have the same deformation, the stresses at the center of the 
top plate should be lower than that towards the edges. This increases the stresses at the edges and 
reduces the stresses at the plate center as shown in Figure 2-4. This stress pattern is based on 
elastic material behavior. 
 
 
 
 

 
 
The resulting stress pattern depends on the b0/t0 ratio. If the b0/t0 ratio is small, the stress 
distribution is uniform. In case of a large b0/t0 ratio, the stress distribution is not uniform and 
compression even stresses can occur in the top face, illustrated by Figure 2-5. 

 
Figure 2-5; Resulting stress pattern by large b0/t0 ratio [2] 

2.4 HAZ in aluminum 
One of the differences between the material properties of steel and aluminum is the HAZ. By 
welding aluminum, the material properties of the parent metal will change due to the heat effects 
of the welding procedure. Due to the heat effects of welding, the material properties of parent 
metal near the weld will change. This results in the reduction of strength in the material of the HAZ. 
The extent of the HAZ depends on the thickness of the chord and brace. The extent of the HAZ can 
be determined according to NEN-EN 1999-1-1 section 6.1.6.3. The extents of the HAZ with the 
corresponding thicknesses by using MIG welding are presented in Equation 1. The extent of the 
HAZ in Equation 1 will be adopted in this research. 

1 1 

2 

Figure 2-2; Plate to RHS chord cross connection [5] Figure 2-3; Stiffness of Plate-to-RHS chord joint [5] 

Figure 2-4; Resulting stress 
pattern [2] 
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3| Failure model of aluminum RHS X-joints 
This chapter will describe the expected failure modes for an aluminum RHS X-joint loaded in 
tension. Most of these failure models are similar compared to the failure models of a steel RHS X-
joint. For aluminum RHS X-joint a new failure model is introduced: failure of the weld. This is due to 
the fact that for aluminum, the strength of the weld metal can be less than the strength of the HAZ 
or parent metal. In steel the strength of the weld metal is always higher than that of the parent 
metal. Another reason is that for aluminum, full penetration of the weld cannot be achieved. For 
steel full penetration depth can be reached. So, it could be possible that weld failure will be the 
decisive failure mode. Mostly all failure modes will occur in the extent of the HAZ. The failure 
modes that are predicted to occur for an aluminum RHS X-joint are: 
- Weld failure 
- Chord face failure 
- Punching shear model in the HAZ 
- Local brace failure in the HAZ 
- Chord side wall failure in the HAZ or a combination of HAZ and parent metal 
 
Weld failure 
According to the Eurocode 3 for an X-joint in steel, the welds should be designed to be stronger 
than the connected brace member. This is not always possible for aluminum. For some 
combinations of alloys and filler material, the strength of the filler material can be smaller than that 
of the HAZ or parent metal. In addition, the penetration depth of the weld cannot reach the full 
width of the brace member. This can lead to fracture of the weld for joints in aluminum, illustrated 
in Figure 3-1. This is why weld failure is added as a failure mode for an aluminum RHS X-joint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chord face failure 
Chord face failure includes the plastic failure of the chord face. This leads to unacceptably large 
deformations or failure. This is due to the post-yielding response of the chord face, which is 

Figure 3-1; Failure mode weld failure of aluminum X-joint 
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represented in Figure 3-2. The analytical model is also named as a yield line model. Figure 3-3 
presents the yield lines at the top face of the chord member. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Punching shear failure in the HAZ 
Punching shear is failure of a hollow section chord top face. This is caused by crack initiation 
leading to the rupture of the brace members from the chord member. The brace can be pulled out 
of the chord, due to cracking in the chord by shear around the brace connection perimeter. The 
failure mode is illustrated by Figure 3-4. For aluminum X-joints, it is expected that cracking will start 
in the extent of the HAZ. Due to the lower material strength of the HAZ compared to the parent 
metal. The location where rupture will occur is investigated in Section 10.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-2; Failure mode chord face yielding of aluminum X-
joint 

Figure 3-3; Failure mode chord face yielding of 
aluminum X-joint 

Figure 3-4; Failure mode punching shear of chord aluminum 
X-joint 
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Equation 5; Analytical model for weld failure 

�� ��
1

1

1

1
,

4

3 3 sin 4 2 sin

with: 2 2
sin

w
eff

Mw

eff eff

eff eff w

f
a l h

N
l l h

h
l b

�J

� T � T

�T

�˜ �˜ �˜ �˜
� 

�˜ �� �˜ �˜ �� �˜ �˜

� �˜ �� �˜

 

 
Due to the non-uniform stiffness distribution, less than the full perimeter of the brace is effective 
for the resistance of the weld. The non-uniform stiffness distribution is discussed in Section 2.3. The 
full length along the height of the brace h1 is effective. But along the width of the brace, only a part 
is effective. In Section 11.4.2 Determine Cf factor, the equation to determine the effective width 
(be,w,alu) is proposed and validated with numerical simulations. 
 
For aluminum X-joints it is assumed that partial penetration of the weld can be achieved. The 
partial penetration depth is represented in Figure 4-2 indicated by notation apen. This partial 
penetration depth can be taking in to account according to NEN-EN 1999-1-1 art. 8.6.3.3.(5). 
According to NEN-EN1999-1-1 art. 8.6.3.3.(6), the following depths may be assumed for the partial 
penetration depth (apen): 
- The design throat thickness may be increased by 20% or 2mm (whichever is smaller), under the 

condition that a qualification procedure has been prepared. Thus: 1.2  or 2mma a a a� �˜ � ��   

- With deep penetration fillet welds, the additional throat thickness may be taken into account, 
provided that consistent penetration has been proved by test. Thus 

pena a a�  � �  

For this research, it is assumed that deep penetration fillet welds are applied 
pena a a�  � �.  

 
 
 
 
 
 
 
 
 
 
  
Figure 4-2; Effective throat thickness a; positive root penetration apen [4] 
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4.2 Yield line models 
The yield line model is originally developed by Johansen for plates [19]. For joints that consist of 
rectangular hollow sections, it is used to give an estimation of the chord face plastification capacity, 
also referred to as chord face failure. The yield line method represented in Figure 4-3 is an upper 
bound approach. By increasing the order of yield lines the accuracy will increase. 
 
 
 
 
 
 
 
 

 
 
A five yield line pattern is represented in Figure 4-3. All of these five lines will yield for a specific 
compression or tensile load. The principle of the yield line method is based on equating the internal 
and external work by using plastic hinge system with yield lines. Figure 4-4 presents the tensile 
force on the brace. The tensile force multiplied with this displacement gives the external work. The 
internal work is the total sum of all five yield lines together. In the upcoming paragraphs the 
external and internal work for each yield line is calculated for the yield line models for an aluminum 
X-joint. Firstly, the yield line pattern is divided into five lines, which will yield to form a mechanism. 
 
Compared to steel, the extent of the HAZ must be taken in to account in the yield line model. Due 
to the welding of an aluminum X-joint a HAZ is introduced around the perimeter of the weld. Figure 
4-5 and Figure 4-6 illustrate different cases of the extent of the HAZ interfered with the yield lines. 
For the first case the extent of the HAZ are smaller than the yield line model, this is represented in 
Figure 4-5. For the second case the extent of the HAZ will exceed the yield line model, this is 
illustrated in Figure 4-6. 
 
 
 
 
 
 
 
 

 

4.2.1 Yield line larger than extent of HAZ, Figure 4-5. 
The yield line model of Figure 4-5 is determined first. The yield lines of this case will exceed the 
HAZ. For this yield model the yield lines indicated by number 5 will cross HAZ as well as the parent 
metal. So these yield lines are divided into two material properties, the material property of HAZ 
and the material property of the parent metal. The yield line model can be determined by equating 

Figure 4-5; Yield line model larger extent of HAZ 
Figure 4-6; Yield line model smaller than extent of HAZ 

Figure 4-3; Yield line model 
Figure 4-4; Exernal work [2] 
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Equation 9; Determine internal work yield line 2 case 1 
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Equation 10; Determine internal work yield line 3 case 1 
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Equation 11; Determine internal work yield line 4 case 1 
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Equation 12; Determine internal work yield line 5 case 1 
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According to Figure 4-5, yield line 5 crosses the HAZ (fo,HAZ) as well the parent material (fo). So the 
length of yield line 5 is divided in two lengths: length across the HAZ (l5;HAZ) and length across the 
parent material (l5). 
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There is a minimum for: 
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Inserting tan 1� D � E�  � � gives: 
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Equation 16; Analytical yield line model lower bound case 1 
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The lower bound of the analytical yield line model is represented in Equation 16. For the lower 
bound it is assumed that yield line 5 is located in the extent of the HAZ. For the upper bound it is 
assumed that yield line 5 is fully located in the parent metal. In the upcoming equations the upper 
bound of the analytical yield model of case 1 is determined. Compared to the lower bound yield 
line 5 given by Equation 13, the mpHAZ is changed to mp for the upper bound. 
 
Upper bound 
 
Equation 17; Total internal work total of upper bound case 1 
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There is a minimum for: 
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Inserting tan 1� D � E�  � � gives: 
 
Equation 22; Analytical yield line model case 2 
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The analytical yield model case 2 is represented in Equation 22. 
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4.4 Local brace failure (tension) 
Local brace failure is caused by the brace load parallel to the brace. Certain parts are assumed to be 
effective for resisting brace failure, illustrated in Figure 4-11. This is due to the non-uniform 
stiffness along the connection perimeter. For X-joints effective parts are at the sides along the 
chord walls. For steel, the effective part is designated as be, shown in Figure 4-11. The value for be is 
determined experimentally by Wardenier 1982 for steel. 
Equation 25; Effective width brace failure for steel X-joint 
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The deformation capacity for steel is larger than for aluminum. So the question is whether the full 
effective length be,alu is reached in aluminum, shown in Figure 4-11. Due to the deformation 
capacity of aluminum, it is possible that a smaller portion of the connection is effective in resisting 
brace failure, i.e. only the effective parts (h1) next to the chord web, shown in Figure 4-12. So a 
lower and upper bound can be obtained, the lower boundary without effective parts (be,alu =0) and 
upper boundary with effective parts (be,alu) similar to that of steel, where the factor of 10 will be 
reconsidering in Section 11.2.2 Determine Cf factor. In the equation for be,alu the ultimate tensile 
strength of the HAZ of the brace and chord member are proposed, but it could be possible that the 
0.2% poof stress must be used. This is also investigated in Section 11.2.2 Determine Cf factor. To 
prevent the corners being counted twice, a term 2t1 has been included in the equation for be,alu. For 
aluminum, brace failure can be assumed to take place in the extent of the HAZ. For the material 
strength, the ultimate strength for HAZ (fu,HAZ) divided by the partial safety factor is taken in 
account. Equation 26 gives the equilibrium equation for analytical model of punching shear. 
Equation 26; Analytical model for Brace failure for aluminum X-joint 
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Figure 4-11; Local brace failure [4] Figure 4-12; Local brace failure aluminum 
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When the chord thickness is equal to 14 mm the 2.5t0 will exceed the extent of the HAZ. So, for 
chord thicknesses of more than 14 mm the effective width of h1 + 5*t0 will exceed the HAZ. Due to 
the fact that 14 mm is a high thickness the material properties of the HAZ will be assumed in the 
analytical model.  
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6| Validations of numerical models for the failure 
mechanism of weld fracture. 

For an X-joint in aluminum, weld failure can occur. This should be taken into account in the 
numerical simulations. To make sure that modeling of the weld fracture is done in the correct 
manner, a joint connection of fillet welds with no penetration has been validated with 
experimental results. In this chapter, only the results of experimental test 14 and test 23 are 
discussed. These two tests are modelled in a numerical program ABAQUS, and are validated with 
the experimental results of AM. Kanvinde [6]. Test 14 is used because of the weld size of 12 mm in 
combination with a root notch 32 mm. And due to the fact that there was no initial skewed angle 
(lack of straightness), which was introduced for some tests specimens during fabrication. Test 23 is 
used because of the weld size of 8 mm and a root notch of 64 mm with a small initial skewed angle 
(lack of straightness). The experimental test program of A.M. Kanvinde [6] will be discussed first. 

6.1 Experimental test 
The paper of A.M. Kanvinde, I.R. Gomes [6] described test results of fillet welds with a transverse 
root notch in stainless steel. Twenty-four axial tension tests were performed on fillet welds with a 
transverse root notch. Table 6.1 presents the test matrix and results of the fillet welds loaded in 
tension. Two weld sizes were used, 12 mm and 8 mm in combination with two different root notch 
lengths 32 mm and 64 mm. The dimensions of the specimen are shown in Figure 6-2. From the 
overall assembly, specimens with a width of 100 mm were cut out of the assembly of the three 
plates, indicated in Figure 6-2. The three plates consist of stainless steel with a grade of A572. Two 
filler metals were used E70T7-K2 and E70T7. These experimental tests were used as benchmark 
data for micromechanics-based simulations. During the test the displacement (elongation) of weld 
and weld failure are measured as a function of the tensile force. The test-setup with 
instrumentation is shown in Figure 6-1. 
 
 
 
 
 
 
 
 
 

 
 
The failure type that occurred during the experimental test of 14 and 23 was fracture of the weld 
along the throat, illustrated in Figure 6-3. Figure 6-3 indicates that partial penetration depth of the 
welds is achieved. No penetration was achieved along the root notch; the root notch is indicated in 
Figure 6-3. 
 
 
 

Figure 6-2; Dimensions of specimen [1] 

Figure 6-1; Test setup and setup 
instrumentation [1] 
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For each weld the cross-sections of the weld (weld profiles) were measured at different locations 
along length of the weld. These different weld profiles are shown in Figure 6-4 and Figure 6-5. The 
weld profiles of test specimen 14 for both the front and the back side are illustrated in Figure 6-4, 
and the weld profiles of test specimen 23 are presented in Figure 6-5. The vertical axis represents 
the tension leg and the horizontal axis represents the shear leg. The dimensions of the tension leg 
and shear leg are in inches.  
 
 
 
 
 
 
 
 
 
 
For the parent material, stainless steel with a grade of A572 was used, and for the weld an E70T7-
K2 electrode was used. To determine the material properties of the weld and parent metal tensile 
test were conducted. Tensile coupons of weld metal were extracted for a groove weld, to 
determine stress strain relationship of the weld, illustrated in Figure 6-6. 
 
 
 
 
 
 
 
 
 
 
The stress versus strain relationships for the parent metal with a grade of A572 are represented in 
Figure 6-7 and Figure 6-8. The stress versus strain relationship of the weld metal, Electrode E70T7-
K2, is represented in Figure 6-9. For both stress strain relationships the engineer stresses and 

Figure 6-3; Photograph of fractured surface test 16 [1] 

Figure 6-4; Weld profile of test specimen 14 in inches [6] Figure 6-5; Weld profile of test specimen 23 in inches [6] 

Figure 6-6; Plate assembly indicating extraction of weld 
tension coupons [1] 



 [Type text] [Type text] 

55 
 

strains are plotted. The stresses are plotted on the vertical axis and are expressed in terms of ksi, 
kilo pound per square inch. The strains are plotted on the horizontal axis. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
The displacements of the tested specimens are measured on each side of the weld by using four 
potentiometers: two on the front and back of each specimen, as illustrated in Figure 6-10. These 
potentiometers are positioned such that the only measured the deformations over the shear leg of 
the weld. The onset of fracture took place in one of the tested welds and was followed almost 
immediately by fracture in the other weld. The load-deformation plots of test 14 are shown in 
Figure 6-13 and Figure 6-12. From these load deformation plots, it can be noted that the fracture of 
both welds occurred under similar displacement and load. Test specimen 23 has an initial skewed 
angle (lack of straightness) which is introduced during specimen fabrication. Due to the initial 
skewed angle of test 23, the displacement measured by the potentiometers shows an 
unsymmetrical response. The load deflection plots of test 23 with an unsymmetrical response are 
illustrated in Figure 6-15 and Figure 6-14. The vertical axis of the load-deformations plots are 
expressed in kips, kilo pound. The horizontal axis is expressed in inches. 

  

Figure 6-7; Stress-Strain curve for parent metal A572, Test 1 
[6] Figure 6-8; Stress-Strain curve for parent metal A572, Test 2 

[6] 

Figure 6-9; Stress-Strain curve for Electrode E70T-7, Test 2 
[6] 
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Figure 6-10; position of potentiometers [6] 

Figure 6-12; Test 14, load-deformation plot of front side weld 
(2nd fracture) [6] 

Figure 6-13; Test 14, load-deformation plot of back side 
weld (1st fracture) [6] 

Figure 6-14; Test 23, load-deformation plot of front side 
weld (1st fracture) [6] 

Figure 6-15; Test 23, load-deformation plot of back side weld 
(2nd fracture) [6] 

Figure 6-11; load direction test specimens [1] 
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Table 6.1; Test matrix and summary of experimental data from cruciform test [1] 
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6.2 Validation of experimental test 14 and 23 
In this Section, experimental test 14 and 23 of A.M. Kanvinde [6] is compared with numerical 
results to verify the FE-models (finite element models). 

6.2.1 Geometrical properties 
The actual dimensions measured at the test specimen are used to model the geometry of the FE-
model. Figure 6-16 shows the geometry and the dimensions used for the FE-model of test 14. 
Figure 6-17 illustrates the geometry and the dimensions used for the FE-model of test 23. One out 
of eight of the geometry has been modelled to reduce the calculation time. So three panels of 
symmetry were used. A weld gap of 0.1 mm is modelled between the two plates, the distance of 
0.1 mm is indicated in Figure 6-17 and Figure 6-16. So the two plates, brace plate and chord plate 
of the FE-model, are not connected to each other. The geometry is modelled in three parts; a brace 
plate part, a chord plate part and a weld part, which are connected by using tie constrains. It is also 
possible to model the geometry represented in Figure 6-16 in one part, but for a RHS brace to RHS 
chord X-joint, modeling in one part cannot be done by using the software program Abaqus. To 
make sure the use of tie contains that will be used for a RHS brace to RHS chord X-joint is verified, 
the FE-models of test 14 and 23 will also connected by tie constrains. 
 
 
 
 
 
 
 
 
 
 
 

 
 
As discussed in the previous paragraph, Section 6.1, the geometry of the weld was measured on a 
different location along the weld length. Figure 6-4 represents the different weld profiles for test 
specimen 14 and Figure 6-5 presents the different weld profiles for test specimen 23. From all 
these different weld profiles, the average weld profile was determined for test 14 as for test 23, 
illustrated in Figure 6-18. These average weld profiles are used to model the geometry of the weld 
profile. Figure 6-4 and Figure 6-5 are expressed in a unit of inches, these inches are converted to 
millimeters. 
 
 
 
 
 
 
 
 

Figure 6-16; Geometry of FE-model test 14 in [mm] 
Figure 6-17; Geometry of FE-model test 23 in [mm] 

Figure 6-18; Measured average weld profiles for weld test 
14 and 23 

brace plate 
part 

chord plate 
part 

weld part 


































































































































































































































































































































































































































































































