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Abstract— The paper represents a computational model for 

predicting the mechanical behavior of welded joints in steel 
constructions under dynamic load, taking into account the 
change in the properties of the steel in the welding zone. Plastic 
deformation localization and formation of cracks in welded joints 
subjected to tensile loading have been studied numerically. 
Numerical modeling confirms that the model proposed in the 
work can predict the strength and mechanical behavior of welded 
joints in steel constructions in a wide range of strain rates, taking 
into account the phase and granular structure in the weld area. 
The results confirm that residual stresses of ~ 100–150 MPa do 
not significantly affect the formation of the fracture zone in arc 
welded joints of 09G2S steel subjected to dynamic loading. 
Fracture of considered welded joints exhibits ductile behavior at 
initial temperature of 295K and high strain rates. The results 
have shown that mesoscopic cracks nucleate in the heat-affected 
zone at effective strains above 12%. 

Keywords— silicon-manganese steel, welding joints, dynamic 
tensile strength. 

I. INTRODUCTION 
Welded joints of elements made of high-strength steels are 

used in critical steel structures of pipeline systems, machines, 
and large industrial and public buildings, bridges. To assess 
the strength of these structures under shock and explosive 
load, which may occur as the result of terrorist attacks and 
accidental explosions, numerical modeling techniques that 
take into account the microstructure of welded joints and 
welding technology are considered. 

a et al. showed that the strength of welded joints of 
high-strength steel structures is determined by damage to the 
welds and the zone of their thermal influence at a high strain 
rate of explosive loads [1].  

The peculiarity of predicting the dynamic strength of 
welded joints in steel constructions is due to the fact that the 
material of the welded joint is more sensitive to the strain rate 
compared to welded steels [2]. As a rule, the yield strength of 
the weld material at high strain rates increases significantly 
compared with the static loading. 

The need of using the fracture criterion of welded joints, 
taking into account the relationship between critical plastic 
strain and the stress triaxiality for individual welding zones was 
experimentally proved by Paveebunvipak et al. [3]. 

Modern methods for assessing the mechanical properties of 
welded joints take into account loading conditions and the 
intensity of residual stresses in the weld zone [4-6]. 
Computational models taking into account the effect of the 
structure of steels in the welded joint zone on the deformation 
and fracture of welded joints are currently under development. 

However, the effect of the mechanical heterogeneity of 
materials in the welded zone on fracture of welded joints is not 
included directly in these parameters and needs to be studied.  

The improvement of methods for assessing the dynamic 
strength of welded structures is related to taking into account 
the microstructure of the material in the weld zone. 

This work was supported by the Russian Science Foundation (RSF),
grant No. 16-19-10010. 
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The mechanical heterogeneity of the microstructure can 
lead to a significant localization of deformations in the 
welding zone under dynamic loads. As a result of plastic 
deformation of the welded joint, cracks can nucleate and 
propagate in it. 

The aim of this work is to study the dynamics of fracture 
and deformation at high strain rates of welded joints of thick-
walled steel panels using a model that takes into account the 
inhomogeneous structure in the welding zone and changes the 
mechanical properties at the mesoscale level.  

II. SIMULATION OF THE WELDED JOINTS OF STEEL UNDER 
QUASISTATIC AND DYNAMIC LOADING 

The deformation and fracture of a welded joint of 6 mm 
thick plates of 09G2S steel, created by pulsed CO2 arc 
welding, were studied under tension under conditions of quasi-
static and dynamic loading. Using optical microscopy, it was 
found that in the cross section of the welded joint, 7 local 
regions can be distinguished that are similar in phase 
morphology and grain structures. The arrangement of regions 
in the weld zone is shown in Fig. 1. 

 

Fig. 1. Scheme of boundary conditions of a loaded welded joint of steel 
plates. 

The base material is marked as 1. Region 2 corresponds to 
the heat affected zone (HAZ). Microstructures of 3, 4, 7 
regions of welded zone depend on the chemical composition 
of the electrode material. For silicon-manganese steel, these 
regions have quenching structures. Region 5 is a fusion zone 
of the base material and the electrode material. The measured 
microhardness confirmed the differences in the mechanical 
properties of these local regions. The yield strengths (Fig. 2) 
and tensile strengths of the material in local areas were 
estimated by the microhardness value using the 
phenomenological relations obtained by Zhu et al. [6]. These 
data were used to determine the numerical values of the 
parameters of the governing equation given in Table I. The 
computational model uses the theoretical basis of continuum 
damage mechanics [7]. Mechanical behavior of the volume 
with a welded joints under tension was described by a system 
of conservation equations (mass, momentum and energy), a 
kinematic equation, and a constitutive equation.  

Computer simulations of deformation and fracture 
processes were performed using licensed software ANSYS 
14.5, which is the part of the software LS-DYNA. The 
calculations were carried out with solvers using a finite 
difference scheme of second-order accuracy.  

The initial and boundary conditions were added to the 
system of equations. Initial condition corresponded to the state 
of the material in the uniform temperature field T0: 

0 00 00 0
0 0ij ijt tt t

, , , T T

where t is time,  is a mass density, 0 is the initial mass 
density, ij are the components of stress tensor, ij are 
components of the strain tensor, T is the temperature, T0 is the 
initial temperature. 

The boundary conditions (2) correspond to the conditions 
of loading of a 3D welded joint of plates. The scheme for 
setting the boundary conditions is shown in Fig. 1. 

 

Fig. 2. Yield strength versus logarithm of normalized strain rate. 

The 3D structured volume of the welded joint of steel 
plates with dimensions of 22 mm  6 mm  5.9 mm was 
numerically simulated under axial tension with a constant 
strain rates from 1 to 9000 s-1. The volume of material in the 
weld zone consists of interconnected mesoscopic volumes 
with a different phase structure and grain sizes that differ from 
the material joined by welding. The surfaces of the mesoscopic 
volumes of the material Sk (k = 4 ... 13) in the section of the 
volume are shown in Fig. 1. 

1 2 3 7

5 6 8 9 10 11 12 13

1 1 0

4

0 0 0ij ijS S S S

ij k ij k S S S S S S S S S

u , u V , , ,

( x ) ( x )

where ui Sj are the components of the particles velocity vector 
on the surface Sj, V0 is the tensile velocity, ij are the 
components of the stress tensor. 

Plastic flow was described within the Prandtl–Reuss theory 
by the von Mises criterion. The flow stress of silicon-
manganese steel under loading has been described using a 
modification of the Zerilli–Armstrong model [8–9]: 

1191

Authorized licensed use limited to: Tomsk State University. Downloaded on February 26,2021 at 12:40:24 UTC from IEEE Xplore.  Restrictions apply. 



 

 

-1/2+0 g

0 5
5 2 3 4 0

( , ,T) C k d (T) / (295 K)

C  

= + 
{ + 

( m )
s

p
eq eq h

p .
eq eq( ) C exp[( C C ln( / ))T ]} ,

where 1 22 3p p p /
eq ij ij[ ( / ) ] , 1 22 3 /

eq ij ij[ ( / ) ] , 
1

0 1.0s , C0, C2, C3, C4, C5, kh, n are the material constants, 
T is the absolute temperature, dg is the averaged grain size. 
 The coefficient kh for silicon-manganese steel was equal to kh 
= 391 MPa m1/2 [10, 11]. Constants of the Zerilli-Armstrong 
constitutive equation for 09G2S silicon-manganese steel are 
C5 = 0 GPa. Constants C2, C3, C4, and C0+khdg

-1/2 are shown in 
Table I. 

TABLE I. CONSTANTS OF MODEL FOR REGIONS OF WELDED ZONE. 

Constants  C0+khdg
-1/2, 

GPa 
C2, GPa C3, K-1 C4K-1 

region 1 0.275 1.05 0.0018 0.00028 
region 2 0.35 0.62 0.0018 0.00028 
region 3 0.48 0.47 0.00162 0.000252 
region 4 0.35 0.62 0.0018 0.00028 
region 5 0.57 0.38 0.00162 0.000252 
region 6 0.86 0.23 0.00162 0.000252 
region 7 0.7 0.28 0.00162 0.000252 

The calculated stress-strain curves in comparison with 
experimental data [12–15] for materials in areas 1–7 in the 
weld zone of 09G2S steel are shown in Fig. 3. Note that the 
base ferritic-pearlitic steel and the steel in the heat affected 
zone have close parameters of the strain rate sensitivity of the 
yield stress. For areas with a bainitic microstructure (6) and (7) 
as well as the diffusion zone of welded steel with electrode 
material, the strain rate sensitivity of the yield stress is lower 
than that of base steel. 

 

Fig. 3. Stress-strain curves for regions in the weld zone of 09G2S steel. 

Local temperature in the material particles of a deformed 
body was calculated by relation:  

0 0
0 9

p
eq p

p eq eqT T ( . / C ) d

where T0 =295 K is the initial temperature,  =7.832 g/cm3 is 
mass density of alloy, Cp= 494 J/kg K is the specific heat of the 
09G2S steel, E= 203 GPa is the Young’s  modulus, the 
Poisson’s ratio  =0.3 [12-17]. 

0 1( k T )

where  is the shear modulus, T is temperature, 0 = 84.7GPa, 
k  = 0.000276. 

The GISSMO model was used for the damage and fracture 
analysis of silicon-manganese steel under tension [18]. The 
yield criterion has a form: 

1
1

( m ) Fc
s s

c

D D
[ ( ) ],

D

where s is the yield stress of damaged medium, s
(m) is the 

yield stress of condensed phase of material, D is the damage 
parameter, Dc is the critical values of damage, F is the fading 
exponent. 

A strong coupling between plastic strain and damage 
parameter is introduced by relation: 

p q
eq fD ( / )

where f  , q are constants of material. 

The final stage of ductile fracture is the coalescence of 
damage into the fracture zone. This causes softening of the 
material and the accelerated growth of the damage parameter D 
until the local fracture of the material particle.  

The model of ductile fracture requires values of 4 
parameters. The model parameters for silicon-manganese steel 
were determined using numerical simulation of experiments on 
the tension of silicon-manganese steel samples in a wide strain 
rates. The numerical values of model parameters are given in 
Table II. 

TABLE II. PARAMETERS OF THE GISSMO MODEL FOR 09G2S STEEL. 

Parameter Dc F f q
09G2S steel 0.0 2 0.3 2 

The model was used for simulation of welded joints of 6 
mm 09G2S steel plates under tension at velocity 20 m/s and 
200 m/s. 

III. RESULTS 
Fig. 4 shows calculated equivalent stress in a section of 

welded zone under tension at 200 m/s. 
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Fig. 4. Equivalent stress in welded joint steel plates under tension at 
200 m/s. 

Increasing the cross-sectional area of the structure that 
subjected to load can be caused by the presence of additionally 
deposited steel in the welding zone (Fig. 1). As a result, the 
effective stresses in the welding zone are slightly lower than in 
the material at a distance from the welding area. The 
parameter of stress triaxiality changes at the weld zone 
boundary during weld joint deformation, as shown in Fig. 5. 

 

Fig. 5. The stress triaxiality factor in damaged welded joint steel plates 
under tension at 200 m/s. 

The heterogeneity of the field of equivalent stresses and 
the stress triaxiality parameter causes the localization of plastic 
deformation near the weld boundary. Fig. 6 shows the field of 
the equivalent plastic strain in the section of welded joint steel 
plates under tension at the velocity of 200 m/s. 

The heterogeneity of the field of equivalent stresses and 
the parameter of the stress triaxiality factor causes the 
localization of plastic deformation near the weld boundary. 
Fig. 6a shows the equivalent plastic strain before damage 
nucleation, Fig.6b shows the evolution of the equivalent 
plastic strain at the beginning of cracks formation. An increase 
in the strain rate causes localization of plastic deformation at 
lower strain values. 

Fig. 7 shows the distribution of damage parameter in the 
welding zone of steel plates under tension at strain rate of 
9000 s-1. 

IV. DISCUSSION 
The simulation results in Fig. 7 demonstrate that crack 

formation affect the stress state triaxiality in the heat affected 
zone, the plastic flow stress, and evolution of damage in the 
silicon-manganese steel at high strain rates. The introduction 
of the stress triaxiality in the plastic flow model is important 
for prediction of damage evolution under deformation 
especially at high strain rates. 

Damage kinetics in silicon-manganese steel is related to 
the macroscale plastic instability. 

 

(a) 

 

(b) 

Fig. 6. Equivalent plastic deformation in the weld zone under tension at a 
velocity of 200 m/s. 

 

 

Fig. 7. Damage and crack formation of welded joint steel plates under 
tension at the velocity of 200 m/s. 

Fig. 8 shows the calculated curve of effective stresses and 
strains obtained for high-speed tension of a welded joint. 

These results confirm that, under dynamic loading of 
welded joints of 09G2S steel, obtained by arc welding in 
protective CO2, the residual stresses (~ 100…150 MPa [19]) 
do not significantly affect the formation of the fracture zone. 
The obtained results confirm the possibility of expanding the 
choice of technological modes for arc welding of constructions 
made of manganese-silicon steels subjected to dynamic 
loading. 
A sharp drop in stress at effective strains of ~ 2.5% is 
associated with the development of plastic strains in the weld 
zone. At the initial stage of loading, the metal in the weld zone 
experiences lower tensile stresses compared to the base metal 
due to the distribution of forces over a large area due to the 
presence of deposited metal (region 3 in Fig. 1). 

Under intense dynamic loading, the ductile fracture of the 
welded joints occurs at temperatures of ~ 295 K. Note that at 
effective strains exceeding 12% in the welded joint zone, 
plastic deformation is localized in the heat-affected zone and 
mesoscopic cracks begin to develop. 

1193

Authorized licensed use limited to: Tomsk State University. Downloaded on February 26,2021 at 12:40:24 UTC from IEEE Xplore.  Restrictions apply. 



 

 

The calculated configuration of the crack is in good 
agreement with the experimental data in terms of location, 
shape and length of cracks [20]. 

Thus presented experimental and theoretical results 
demonstrate the importance of an adequate description of the 
processes of instability of deformation in silicon-manganese 
steel. 

 

Fig. 8. Effective tensile stress in the welded joint of 09G2S steel plates at 
a strain rate of ~ 9.09 103 s-1. 

V. CONCLUSION 
Presented results demonstrate the importance of an 

adequate description of the processes of instability of plastic 
deformation in welded joints of structural elements made of 
silicon-manganese steel under dynamic loading. 

The areas in welded joints in which the plastic deformation 
localized and cracks occurred under dynamic tension were 
determined. 

A physical mathematical model is presented for predicting 
the mechanical behavior of welded steel joints under dynamic 
loads, taking into account the change in the properties of the 
material in the welding zone. 

The results of numerical modeling confirm that the model 
proposed in the work can predict the strength and mechanical 
behavior of welded steel joints in a wide range of strain rates. 

The fracture of welded joins at high strain rates depends on 
relationships between critical plastic strains and stress 
triaxiality for the individual weld zones.  
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