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Abstract 

Welding residual stresses significantly affect the performance 
of welded components in service, especially when hydrogen 
is introduced during fabrication welding and is increasing the 
risk for Hydrogen Assisted Cold Cracking (HACC). The 
existing fabrication specifications and standards for crack 
safe welding of high strength structural steels apply only to 
steels with yield strengths of up to 890 MPa. Recent 
industrial experiences and even spectacular failure cases 
made evident that the currently specified procedures for 
HACC avoidance do not account properly for materials with 
strength levels of up to 1300 MPa. As a first step to combat 
HACC, a better understanding of the residual stresses 
developing during fabrication welding and subsequent 
cooling is required. Since stress measurements are complex 
and predominantly restricted to near surface regions, 
numerical calculations of welding residual stresses have 
increasingly gained importance in the last five years. 
However, up to the present, most of the residual stress 
measurements and calculations are carried out at single welds 
without consideration of the intensity of restraint, i.e. the 
surrounding structural stiffness, which is significantly 
affecting the final stress level reached after cooling of the 
weld. In the past, this lead to a misunderstanding of welding 
residual stress development and consequently, to a 
misinterpretation of the sufficiency of respective HACC 
avoidance procedures, like preheating and elevated inter-pass 
temperatures. As a further point, the interaction of the 
residual stresses in two or more welds has not been 
investigated yet. As a first approach to elucidate the residual 
stress development in multiple welds, the stress-strain 
behavior transverse to the welding direction has numerically 
been investigated in two competing S 1100 QL butt-welds, 
representing the upper class strength level of the modern high 
strength steel currently available in the markets. For the 
present study, the restraint intensity level in terms of different 
plate dimensions, i.e. plate thickness and panel length, and 
external clamping devices, has been varied. The results have 
been evaluated in terms of transverse residual stresses just 1 
mm below the top surface of the last layer, in particular at the 
fusion line and in the heat affected zone. It turned out that the 

residual stresses are distributed differently in both welds, as a 
consequence of the different restraint intensities provided by 
completion of the welds one after the other. It is also shown 
that the residual stresses due to welding process might be 
reduced by decreasing the restraint intensity using larger 
restraint lengths between the joints and by using thinner 
plates. 
Keywords: Multi-pass welds; high strength steels; numerical 
simulation; plate dimension; residual stress; restraint intensity 

Introduction 

In general, welding residual stresses as a consequence of 
nonlinear thermal gradient in welding process are not 
avoidable. Such stresses significantly influence the resistance 
of a welded structure against fracture, especially if hydrogen 
is picked up during welding, commonly known as a 
Hydrogen Assisted Cold Cracking (HACC). In other words, 
HACC in welded components is generally affected by three 
main interrelated factors, i.e. susceptible microstructure, local 
hydrogen concentration and local residual stress-strain, as 
shown in Figure 1. 
 

Figure 1: Three main interrelated factors induce HACC in the 
welded component 

 
In order to avoid HACC, many welding techniques are used 
considering the reduction of hydrogen input via the welding 
procedure, pre- and postheating and, in general, heat input. 
To a very limited extent, those techniques might be useful to 
reduce the influence of some critical factors, i.e. lower the 
initial hydrogen concentration and avoid susceptible 
microstructures. However, the interaction of the thermal 
cycle with the components reaction in terms of the stress and 
strain build up has not been completely understood, 
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especially with respect to HACC avoidance [1]. Additionally, 
various HACC tests are performed examining the influence 
of a number of parameters such as restraint condition, 
welding sequence and test facility on the type of cracking [2]. 
Unfortunately, most of these tests do not represent the real 
conditions, i.e. do not correctly reflect the local stresses in a 
real welded component. In particular, the single, mostly root 
welds are investigated by the HACC tests, which are not 
proper for evaluating residual stresses in the real components 
assembled by several welds. The interaction complexity of 
welding parameters in the single weld and interaction during 
fabrication welding in the assembly weld are generally shown 
in Figure 2. 
 

Figure 2: Influencing parameters and interaction arising 
during fabrication on the welded component 

 
It is obvious that residual stress development in a single weld 
is only dependent on the welding parameters during 
fabrication; while the interaction between welded material 
and surrounding construction is definitely important for the 
assembly weld [3]. To evaluate and to consider the effects of 
the surrounding structure on the weld residual stresses and 
strains, the concept of the intensity of restraint has been 
developed. The basics have been introduced in the seventies 
[3], [4] and have consequently been developed further in the 
past decade, as previously described [5]. The intensity of 
restraint generally represents the stiffness of the surrounding 
structure around a specific weld and its impact by hindering 
the joint from shrinkage. In general, the total transverse 
restraint intensity of a specific weld is composed of three 
main parts of the weld (Figure 3), i.e. edge preparation 
(RFy,1), the plate dimension (RFy,2) and the surrounding 
structure (RFy,3). These parts contribute individually to the 
total intensity of restraint (RFy, total) of the weld which then 
can be calculated by 
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The intensity of restraint simply represents the spring 
constant of the material surrounding the joint. It can thus be 
evaluated by the transverse reaction force Fy related to the 
respective root gap displacement in both transverse directions 
2Δy, normalized by the total weld length wl : 
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Figure 3: Schematic illustration of the restraint intensity  
for a symmetric weld [5] 

 
In order to minimize the residual stresses in welded 
components, alteration of the weld design is normally applied 
in various experiments [6]. However, precise prediction of 
residual stresses (magnitude and trend) by experiment is not 
an easy task due to the complexity of the thermal and 
mechanical material behaviour. Thus, numerical modeling 
where the design can much more easily be changed 
represents a much more effective procedure to evaluate the 
behaviour and distribution of the residual stresses in welded 
components, in particular if they are assembled by several 
welds. As a first approach to investigate the influence of weld 
design in the three-welded plates, previous investigations [7] 
already showed that the welding residual stresses can be 
minimized by increasing the restraint length (panel length) 
between them. In order to better understand the stress 
distribution in such two competing multi-pass S 1100 QL 
welds from the view point of variation of plate dimension, 
plate-thickness and restraint length, and external clamping 
were altered. The calculations were carried out by numerical 
analyses with a commercial finite element program code 
ANSYS. 

Numerical Procedure 

Background 
Since the present study is a continuing approach of previous 
investigations at a single V-butt joint, and for comparison, 
most of the previously selected material data and geometrical 
dimensions have also been selected for the three welded 
plates [8], [9]. The numerical simulations also correspond to 
the plate dimensions of Instrumented Restraint Cracking 
(IRC) Tests [9] which have been applied extensively to avoid 
cold cracking in butt and T-joints and to investigate the 
effects of heat input as well as pre- and postheating on the 
reaction forces and stress-strain build up during cooling after 
welding of realistically restrained welds. The previous results 
already showed that temperature histories obtained from 
calculation (FEM) and experiment (IRC Tests) at the surface 
and at the distance of 25 mm from weld centreline are fairly 
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FHAZ 

CHAZ 

WM 

BM 

consistent. Moreover, the strain level obtained from FEM 
showed a good agreement with the measurements in the IRC 
Tests using rosette strain gauges located at the bottom and at 
the distance of 20 mm from the weld centreline [9]. This 
means that the stresses build up during welding and 
subsequent cooling can be evaluated successfully by FEM. 
As a consequence, the procedure for two-welded plates can 
reliably be transferred to the three-welded plates. 
 
Materials 
The selected S 1100 QL steel for this study represents the 
maximum yield strength level of the modern high strength 
steels currently available in the market. The same yield 
strength level applies to the selected filler material. Both 
chemical compositions as well as the mechanical properties 
for the hydrogen free base and filler material (Union X96) are 
listed in Table 1 and Table 2, respectively. As can be seen 
from a comparison from the values, the strength level in weld 
metal and heat affected zone (HAZ) is slightly lower than 
that in the base material and exhibited lowest yield strength 
of 985 MPa, due to the fact that a matching commercial filler 
material for the steel S 1100 QL is not yet available, i.e. 
welding has thus been carried out with a slightly 
undermatching filler material. 

TABLE 1: CHEMICAL COMPOSITION OF S 1100 QL  
AND UNION X 96 

Material C Si Mn Cr Mo Ni 
S 1100 QL 0.17 0.27 0.85 0.46 0.45 1.88 
Union X 96 0.12 0.78 1.86 0.46 0.53 2.36 

 
TABLE 2: MECHANICAL PROPERTIES OF HYDROGEN-FREE S 

1100 QL WELD MICROSTRUCTURE [10] 

S 1100 QL Mechanical properties 
BM CHAZ FHAZ 

Union X 96

Tensile strength in MPa 1348 1366 1399 1071 
Yield strength in MPa 1150 1000 1010 985 
Reduction of area in % 69 64 65 51 

 

Case I: 
H=20,L1=L2=L3=55mm 

α=60° 

Case II: 
H=20,L1=L3=55,L2=110mm 

α=60° 
Case III: 

H=10,L1=L2=L3=55mm 
α=60° 

Case IV: 
H=10,L1=L3=55,L2=110mm 

α=60° 
Figure 4: Overview of the different calculation cases 

Dimensions 
In order to clarify the effects of plate dimension and 
surrounding structure on the residual stress distribution, three 
plates have been welded with variation of panel length, plate 
thickness and external force as shown in Figure 4. 
 
Material Properties 
Since the calculated temperatures (from thermal analysis) are 
used as input for the subsequent and indirectly coupled 
structural analyses, the thermo-physical material properties 
such as density, heat convection coefficient, enthalpy and 
thermal conductivity will significantly affect the finally 
calculated stresses and strains. The values applied in Figure 5 
have thus been selected very carefully from Richter’s 
diagrams [11] for steel with a similar composition as the 
relatively new S 1100 QL type and have been applied to all 
microstructures of the joint, i.e. the Weld Metal (WM), the 
Fine Grain Heat Affected Zone (FHAZ), Coarse Grain Heat 
Affected Zone (CHAZ) and the Base Material (BM).  

 

Figure 5: Four different thermo-mechanical properties in each 
microstructure 

 
The yield strength and the ultimate tensile strength change 
drastically during heating and cooling, in particular, if the 
steel is austenitized during heating or if the austenite 
decomposes into a martensitic-bainitic microstructure during 
cooling. As another point, the percentage of martensite 
produced between the martensite start and finish temperature 
range follows a complex function. The curves of the true 
stress-strain behaviour shown in Figure 6 have thus been 
derived from experimentally determined values for the 
various simulated weld microstructures [10]. For 
simplification, the microstructure transformation processes 
were modeled by respective interpolation between the various 
temperature-dependent stress-strain curves and by the 
temperature-dependent thermal expansion coefficients 
(Figure 6). Stresses in steel microstructures are generally 
evolving only below about half of the melting point and it is 
thus sufficient, to provide exact temperature-dependent 
stress-strain curves only up to 700 °C. The values are 
interpolated between the respective curves for the exact 
temperature of the elements in each time step and also, the 
values above 700 °C are obtained by linear extrapolation of 
the given curves. 

Conference on High Strength Steels for Hydropower Plants - Takasaki

11 - 3



0

200

400

600

800

1000

1200

1400

1600

0.00 0.05 0.10 0.15 0.20 0.25
Strain

St
re

ss
 (M

Pa
)

BM 20°C
BM 300°C
BM 500°C
BM 700°C
WM 20°C
WM 300°C
WM 500°C
WM 700°C

0

200

400

600

800

1000

1200

1400

1600

0.00 0.05 0.10 0.15 0.20 0.25
Strain

St
re

ss
 (M

Pa
)

FHAZ 20°C
FHAZ 300°C
FHAZ 500°C
FHAZ 700°C
CHAZ 20°C
CHAZ 300°C
CHAZ 500°C
CHAZ 700°C

Calculation Procedure 
The analyses have been carried out by using the commercial 
finite element code ANSYS with author written subroutines. 
The structural analyses are strongly dependent on the thermal 
field analyses, but have a weak influence on the temperature 
fields [11], [12]. Indirectly coupled thermal and structural 
two dimensional analyses have thus been performed using the 
nodal results of the non-linear transient thermal calculations 
as body forces for the subsequent non-linear structural 
analysis, as represented in Figure 7, in order to determine the 
residual stresses. 
 

 

a) Modified values for base material (BM) and  
for weld metal (WM) 

 

b) Modified values for coarse and fine grain heat affected zone 
(CHAZ and FHAZ) 

Figure 6: True stress-strain behaviour of S 1100 QL steel as 
thermo-mechanical properties for structural analysis 

 
For simulation of the heat dissipation into clamping devices 
of the IRC Tests or similarly, into the surrounding parts of a 
structure, a constant temperature has thus been assigned to 
both ends of the model. Heat convection has been modelled 
at all free surfaces of the welds. As described previously [13], 
heat loss by radiation can be neglected for solid materials in 
contrast to liquids and has thus been ignored in the modeling 
procedure. Besides the material properties, the boundary 
conditions selected for the welded plates (restraint 
conditions) are essential with respect to the resulting residual 

stress distribution. Therefore, in the thermo-mechanical 
calculations the models were fixed in x- and y- direction for 
every node at the end of the plates, as illustrated in Figure 4. 
The restraint conditions correspond to a real welding 
situation where the plates are firmly clamped at the ends to 
avoid any distortion. The actual and realistic restraint 
intensity transverse to the weld (RFy,total) for the two 
configurations, i.e. for the small and the large length of the 
center plate, was determined by two dimensional static 
structural finite element analyses corresponding to a previous 
contribution [5]. The restraint intensities were evaluated by 
the transverse root gap displacements obtained from the 
respective numerical analyses where a uniform loading along 
the welded seam has been applied by a pressure load of p = 
100 N⋅mm-2 transverse to the welding direction. The force 
transverse to the welding direction was calculated by 
multiplication of the pressure load with the respective 
longitudinal cross sectional area alongside the welded seam 
by using equation (2). The details for such procedure have 
been outlined in the previous publication [5]. 
 

Figure 7: Flow chart of indirectly coupled thermal and 
structural two dimensional analyses 

 
In order to simulate the filler material deposition in 
multi-pass welding of the two joints, the well-known birth 
and death element technique has been applied. To achieve the 
death element effect, ANSYS does not actually remove the 
killed elements. Instead, it just deactivates them by 
multiplying their stiffness with the help of a severe reduction 
factor. Element loads associated with deactivated elements 
are zeroed out of the respective load vector. The inherent 
strain of the respective elements is also set to zero as soon as 
the elements are killed. When the elements are reactivated, its 
stiffness, mass, element loads etc. return to their original 
values. 
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Results and Discussion 

The contour plots of residual stress distribution in the 
competing S 1100 QL butt-welds with various plate 
thicknesses (H) and restraint lengths (or panel length, L2) are 
shown in Figure 8 to Figure 11. It is evident that the residual 
stress distribution is generally non-uniform in multi-pass 
welds [12], [13]. A bending-like distribution of residual 
stresses can be observed in all four Figures, i.e. the residual 
stresses range in the tensile region on the top and 
compressive region on the bottom surface. In other words, 
those stresses increase gradually from the bottom to the top 
region of the welds, especially, if rigid clamping is applied at 
both ends of model.  
 

a) RFy,total = 27.78 kN/ mm·mm 

b) RFy,total = 0.10 kN/ mm·mm 
Figure 8: Residual stress distribution in competing  

S 1100 QL butt-welds with restraint length of L2 = 55 and 
plate thickness of H = 20: a) for high restraint 

b) for low restraint 
 

a) RFy,total = 14.50 kN/mm·mm 

b) RFy,total = 0.09 kN/mm·mm 
Figure 9: Residual stress distribution in competing  

S 1100 QL butt-welds with restraint length of L2 = 55 and 
plate thickness of H = 10: a) for high restraint 

b) for low restraint 
 

Obviously, the variation of H and L2 highly influences the 
transverse residual stress distribution. This is due to the fact 
that the thermal heat conduction is significantly changing 
with the plate dimensions. This causes respective differences 
in the temperature distribution and consequently, influences 
the phase transformations and the stress-strain build up 
during welding and especially during cooling. 
 

a) RFy,total = 13.20 kN/mm·mm 

b) RFy,total = 0.09 kN/mm·mm 
Figure 10: Residual stress distribution in competing  

S 1100 QL butt-welds with restraint length of L2 = 110 and 
plate thickness of H = 20: a) for high restraint  

b) for low restraint 
 

a) RFy,total = 6.86 kN/mm·mm 

b) RFy,total = 0.09 kN/mm·mm 
Figure 11: Residual stress distribution in competing  

S 1100 QL butt-welds with restraint length of L2 = 110 and 
plate thickness of H = 10: a) for high restraint  

b) for low restraint 
 
From the residual stress contour plots, it becomes obvious 
that the highest tensile residual stresses, i.e. 1158 MPa and 
1140 MPa are established in the welds of the 20 and 10 mm 
thick plates at a restraint length of L2 = 55 mm. The high 
stresses are located at the weld metal centreline and in the 
heat affected zone adjacent to the fusion line. These stresses 
exceed the yield strength of the welded components, in 
particular, if shorter plates are rigidly clamped at the ends. 
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This means that certain weld regions are subjected plastic 
deformation and, if additionally loaded with hydrogen, might 
become prone to cracking. At increased lengths of the 
restrained panels, i.e. at L2 = 110 mm, the peak transverse 
residual stresses decrease to 1064 MPa and 964 MPa for plate 
thicknesses of 20 and 10 mm, respectively. These results also 
become obvious by Figure 10 to Figure 11. To summarize 
this, the level of the transverse residual stresses can 
significantly be controlled by the external restraint. Also, the 
restraint level influences in which weld region the highest 
residual stresses are established. For instance, welding at high 
external restraint provides high stress levels and thus crack 
sensitive regions at the weld metal centre line, at the fusion 
line, in the heat affected zone as well as in the adjacent base 
material. In contrast, welding at free shrinkage provides the 
highest stresses at the weld root which is then the most crack 
sensitive part of the weld. Consequently, the region for 
potential cracking is altered by the level of the external 
shrinkage restraint. 
 
 

 

Figure 12: Residual stress transverse to welding direction 
below top surface of 1 mm after cooling to room temperature 

with restraint length of L2 = 55 at high restraint 
 
The plots of transverse residual stress distribution just 1 mm 
below the top surface of the welded components at high 
restraint levels produced by variation of the panel length and 
plate thickness are shown in Figure 12 to Figure 13. From 
these diagrams, it becomes evident that a typical M-shape of 
the residual stresses is generally established in the welds. For 
a short panel length (L2 = 55 mm, Figure 12), the peak of 
transverse residual stresses of around 900 MPa appears in the 
base material. If thinner plates are welded, this stress level is 
decreased to around 780 MPa. In the case of the long panel 
length (L2 = 110 mm), the residual stress level transverse to 
the welding direction is generally decreasing. The general 
reason for such behaviour is that the various parts of the 
restraint, i.e. the plate dimensions, RFy2, and the external 
restraint, RFy, provided by the rigid clamping prevent the total 
assembly from free shrinkage. The thermal strain caused by 
the welding and, in particular, by the cooling cycle, can thus 

not be compensated by shrinking of the total plate assembly. 
Instead, the thermal strain has to be taken up by the weld 
region, causing respective stresses in the weld metal and the 
adjacent microstructures.  
 

 

 

Figure 13: Residual stress transverse to welding direction 
below top surface of 1 mm after cooling to room temperature 

with restraint length of L2 = 110 at high restraint 
 
 

Figure 14: Stress-restraint length-plate thickness diagram for 
competing S 1100 QL butt-welds at high restraint 

 
The transverse residual stress levels below the top surface of 
1 mm in the competing S 1100 QL butt-welds dependent on 
plate thickness and restraint length are summarized by the 
three dimensional plots in Figure 14 and Figure 15 for the 
joints with and without restraint, respectively. It is evident 
that for the restrained joints, reduction of transverse residual 
stress of the welded component can be done by increasing the 
restraint length or panel length (L2) between two joints and 
decreasing the plate thickness (H) of welded material. In 
contrast, without restraint the transverse residual stresses 
increase, if the panel length gets longer and plate thickness is 
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thick. This means that the residual stress evaluation may be 
misinterpreted, if the restraint applied to the joints is not 
proper. Finally, cracking cannot be successfully solved from 
the view point of mechanical reason. 
 
 

Figure 15: Stress-restraint length-plate thickness diagram for 
competing S 1100 QL butt-welds at low restraint 

 

 

Figure 16: Maximum transverse residual stresses below top 
surface of 1 mm in competing S 1100 QL butt-welds with 

variation of restraint length and plate thickness dependent on 
the total restraint intensity 

 
The effects of plate thickness and length between the two 
joints versus the external shrinkage restraint also become 
obvious by the diagram in Figure 16, where the maximum 
transverse residual stresses have been plotted versus the 
respective restraint intensity. In this Figure, it has to be 
considered that the low restraint intensity represents that 
portion which is given by the plate dimensions alone at the 
free shrinking joints. It can be seen that an increase of the 
plate thickness causes higher residual stresses, but does not 
increase the restraint intensity. If the shrinkage is hindered by 
rigid clamping at the end of the side plates, various higher 

restraint intensities are established due to the interacting 
portions provided by the plate dimensions, i.e. plate thickness 
and length of the intermediate plate, and the external restraint 
by clamping. Generally, it can be drawn from Figure 16, that 
rigid clamping of the joints approximately doubles the 
maximum transverse residual stresses, while additional 
stiffening of the joints by increasing the plate thickness and 
reducing the length of the center increases such stresses only 
by about 10 to 15 percent. The highest investigated restraint 
of around 28 kN/mm•mm causes a residual stress level of 
around 900 MPa, at a short length, L2 = 55 mm, of the 
intermediate plate and for H = 20 mm thick plates. However, 
at short center plate lengths the two butt joints are 
increasingly mechanically interacting, i.e. are competing with 
respect to the stress build up during cooling. 

Conclusions 

From first finite element calculation of the residual stress 
distribution in two competing S 1100 QL butt-welds 
dependent on restraint length and plate thickness, the 
following conclusions can be draw: 
1. The transverse residual stresses in the competing 
butt-welds are distributed asymmetrically, due to the 
interaction of the various layers in the joints and due to the 
interaction of the last finalized joint with the first weld.  
2. The largest increase of the maximum transverse residual 
stresses in the two joints is caused by hindered shrinkage due 
to rigid clamping at end plates, i.e. by the external shrinkage 
restraint provided by the surrounding structure. The variation 
of the plate dimensions, i.e. thickness and length of the center 
plate, increases the restraint intensity by a large additional 
portion which has to be attributed to the now interacting 
restraints RFy2 and RFy3. However, such an additional increase 
of the total restraint intensity by more than 100 percent is less 
affecting the maximum transverse residual stresses.  
3. Rigid clamping of the two joints at the end plates also 
causes an additional region of high stresses in the top region 
of the base material adjacent to the fusion line which has not 
been observed in the assembly at free shrinkage. This means 
that external shrinkage restraints alter the regions of high 
residual stresses in the two competing butt joints.  
4. The length of the center plate between the joints is of 
significant importance for the maximum residual stress level 
in the joints. Especially, at short center plate lengths, the 
mechanical interaction of the welds is increasing and higher 
stresses are to be expected. Also in previous investigations it 
turned out that about 100 mm represents a critical length for 
significantly influencing the restraint intensity of a joint and 
of the residual stresses. The reason for such behaviour might 
be that at shorter restraint lengths than about 100 mm, the 
restraining members of a component are directly interacting 
with the near thermo-mechanical field of a weld.  
5. In general, the cold cracking risk can be reduced from the 
mechanical view point by proper selection of the plate and 
restraint design, in particular in those cases where a 
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thermo-mechanical interaction of welds has to be expected. 
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