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Abstract 

Under excessive plastic deformations, pitting corrosion can accelerate ductile 

fracture initiation in steel structures. For an accurate numerical prediction of 

ductile fracture in corrosion pits, a micromechanical fracture criterion along with 

a fine three-dimensional solid meshing is required. Previous studies on this topic 

are limited to simple plates; however, for a more detailed component, e.g., steel 

beam-to-column joint, implementing the pit geometry on the global model of the 

joint is challenging in terms of meshing and computational time. In this paper, two-

level numerical modeling was employed to reduce the complexity of the problem. 

In this technique, submodels with refined mesh are used to perform 

micromechanical simulations and assess the ductility degradation of joints. For a 

case study joint, it was found that the pits near the edge of the web and flange 

plates are the most critical and can reduce the fracture initiation displacement of 

the joint by about 25%. On the other hand, the pits located on the edges of plates 

or far from the edges caused a negligible reduction in the fracture initiation 

displacement of the joint. These results suggest two-level numerical modeling as 

a viable technique to facilitate micromechanical simulation of pitting corrosion in 

corroded steel joints. 
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1. Introduction 

Progressive collapse is defined as an unpredicted extreme situation in which a local 

failure leads to a disproportionate global or partial collapse of a structure (Adam 

et al. 2018; GSA 2016; Sadek et al. 2010). In frame structures, columns carry the 

most gravity loads, and their removal is the most critical progressive collapse 

scenario (Adam et al. 2018; GSA 2016; Sadek et al. 2010). In steel structures, the 

unbalanced loads due to column removal are transferred by alternative paths 

provided by adjacent beams and joints (Sadek et al. 2010). These components are 

supposed to develop shear, flexural, and catenary resisting actions until the system 

reaches a new equilibrium (Adam et al. 2018; Sadek et al. 2010). Therefore, they 

are normally designed and constructed so that critical zones (i.e., plastic hinges) 

can sustain excessive plastic deformations before the loss of integrity. As also 

observed in experiments (Lew et al. 2013; Wang et al. 2021), the ductile fracture 

is the main failure mode of joints under this loading scenario. To ensure sufficient 

ductility of steel components, design codes (AISC 2016a; AISC 2016b) define 

protected zones and requirements to avoid pre-existing notches on them. A notch 

located in a protected zone can cause stress and strain concentration and accelerate 

fracture in a local spot.  Despite codes requirements, notches can also appear due 

to pitting corrosion under an aggressive environment. Pitting corrosion is one of 

the main forms of corrosion that initiates and propagates locally in steel structures 

located in a corrosive environment (Bardal 2004; Pedeferri 2018). Various 

structures, including industrial steel structures located in coastal areas, LPG 

terminals located on jetties, topsides of offshore facilities, can be subjected to 

pitting corrosion. These corroded structures can also experience extreme events 

like a column removal due to a ship or vehicle collision (see Fig. 1), a localized 

fire, an explosion caused in industrial facilities by gas pipe fracture, or a leakage 

of combustible liquids (Adam et al. 2018). The collapse of these facilities must be 

investigated under the coupled effect of the pitting corrosion and excessive plastic 

deformations to avoid disasters in terms of casualties, economy, and environment 

(DNV GL 2015).  

In general, the location of pits is extremely stochastic and difficult to predict 

(Bardal 2004; Pedeferri 2018). In addition, localized penetration and high cathodic 

to anodic area ratio increase the penetration speed so that pitting corrosion can 

affect a large portion of metal thickness in a short time (Pedeferri 2018). 

Depending on the geometry of pits, they can increase the plastic strain and stress 



 

triaxiality (Cerit 2013; Cerit et al. 2009; Ji et al. 2015; Pidaparti and Patel 2008; 

Turnbull et al. 2010; Wang et al. 2018) that are known as two influential 

parameters for ductile fracture initiation in metals (McClintock 1968; Rice and 

Tracey 1969). Ductile fracture initiation at the root or wall of a corrosion pit can 

be followed by ductile tearing that pushes the crack front at high-stress levels and 

increases the chance of failure by cleavage fracture and unstable crack propagation 

(Petti and Dodds Jr 2005; Wang et al. 2018). In most cases, no adequate 

information is available on the effect of localized corrosion on overall member 

ductility. Therefore, finite element analysis (FEA) is usually performed 

(International Standards Organization 2008). Previous studies on simple tensile 

plates (Ahmmad and Sumi 2010; Songbo et al. 2021; Wang et al. 2018; Wang et 

al. 2017; Xu et al. 2016; Zhao et al. 2020) indicated that when the ductile fracture 

of steel components is under investigation, a three-dimensional representation of 

the pit geometry associated with a micromechanical fracture criterion is needed to 

assess the structural integrity. A fine discretization of the corrosion geometry must 

be utilized in such numerical models to predict the local responses on the pits 

properly (Ahmmad and Sumi 2010; Songbo et al. 2021; Wang et al. 2018; Wang 

et al. 2017). However, to the authors' knowledge, no study has quantified the effect 

of pitting corrosion on the ductility of steel joints under a column removal scenario. 

Steel joints possess more sophisticated geometries than simple plates and can 

produce more complicated stress and strain distributions. The solid meshing of the 

complex geometry of a joint and analyzing it for various pitting scenarios could be 

challenging, particularly when a micromechanical fracture criterion is employed. 

In addition, multiple zones in joints can experience excessive plastic deformations 

that all must be investigated for fracture.  

This study aims to reduce the difficulties regarding meshing and micromechanical 

simulation of the corroded joints using a two-level numerical modeling technique. 

This technique was used through a parametric numerical study to assess the effect 

of an isolated corrosion pit on the ductile fracture initiation of a case study joint. 

Based on such analyses, one can determine which pit (with a certain geometry and 

location) can be considered critical and must be treated to avoid joint collapse for 

probable future events.  



 

 
Fig. 1. A collision between a vessel and a steel production platform can lead to a progressive collapse. 

2. Methodology 

When the ductile fracture is the failure mode of steel components, 

micromechanical fracture modeling predicts fracture more accurately than 

traditional fracture mechanics (Wang et al. 2011). Micromechanical models are 

able to simulate the fundamental mechanisms of fracture by utilizing the modern 

computational capacity to predict localized stresses and strains (Kanvinde and 

Deierlein 2004). However, when a notch like a corrosion pit exists, these models 

require fine solid meshing around the pit domain to accurately capture localized 

stresses and strains (Ahmmad and Sumi 2010; Songbo et al. 2021; Wang et al. 

2018; Wang et al. 2017; Xu et al. 2016; Zhao et al. 2020).  

On the other hand, the meshing convergence and computational time would be 

challenging if the overall three-dimensional model of a steel component (e.g., a 

joint) is used to implement pits. One possibility to refine the mesh in the pit domain 

is to use tetrahedral elements that support fully automatic tetrahedral meshers 

(Dassault Systèmes 2014). However, for the same degree of freedom and the same 

amount of layers of elements through the thickness of a member, one needs 

significantly more tetrahedral elements compared to hexahedrons (Wang et al. 

2017). Moreover, the first-order tetrahedral elements are not sufficiently accurate 

for structural calculations, particularly when large plastic strains are involved 

(Dassault Systèmes 2014). As a result, the second-order formulation must be 

chosen that even needs more computational resources. In contrast, developed 

reduced integration hexahedral elements can remarkably increase computational 

efficiency without significant loss of accuracy (Dassault Systèmes 2014). Finally, 

it is worth mentioning that before fracture initiation, modeling details of a local 

region around the pit has a negligible effect on the overall solution of the joint. 



 

This study utilized two-level numerical modeling to overcome difficulties 

associated with modeling pits in complicated geometries. First, as described in Fig. 

2, the nonlinear finite element analysis of the joint (not corroded) is carried out at 

the global level without pit implementation. Then based on the outcomes of this 

model and submodeling technique, critical regions are studied for fracture 

modeling and pit existence. Submodeling is a technique to investigate a local 

region with a more refined mesh based on the interpolation of the solution from a 

relatively coarse mesh in the global model (Hirai et al. 1984; Kardak 2015; Mao 

and Sun 1991; Marenić et al. 2010; Narvydas and Puodziuniene 2014). This 

technique effectively obtains the solution with a higher resolution in the local 

region of interest, e.g., a corrosion pit (Liu et al. 2021; Mao and Sun 1991; Verma 

et al. 2019).  

There are two common submodeling techniques. In the displacement-based 

method, the boundary conditions of the submodel are nodal displacements 

extracted from the global model. The second method is called stress-based 

submodeling that stresses or tractions from the integration points are transmitted 

to the submodel as boundary conditions. The displacement-based submodeling 

method is preferred for large displacement problems because boundary conditions 

calculated using displacement can converge faster than the stress field (Sun and 

Mao 1988). In addition, Narvydas and Puodziuniene (2014) demonstrated that 

displacement-based submodeling is less sensitive to the mesh density of the global 

model and can provide higher accuracy than the stress-based method. 

Like other finite element methods, this technique is also subjected to numerical 

errors classified into two main categories: Discretization errors and boundary 

condition errors.  Discretization errors are inherent in the determination of 

responses with the finite element method (Oñate 2013). Since using a fine mesh in 

submodels is controlled by micromechanical modeling, the discretization errors in 

the submodels might be less critical. As a result, most of the discretization errors 

are originated from the global model and must be kept within a reasonable range 

to calculate boundary responses accurately for the submodels (Kardak 2015). This 

error can be controlled by refining the mesh until further refinement causes no 

significant change in the nodal displacement output of the global model (Kardak 

2015; Oñate 2013). 

Besides the discretization errors, the submodeling technique is also affected by 

boundary condition errors (Cormier et al. 1999; Kardak 2015; Mao and Sun 1992). 

As illustrated in Fig. 2, mesh refinement in submodels creates additional degrees 



 

of freedom at boundaries that do not exist in the global model (Sun and Mao 1988). 

The global solution only provides displacements at the nodes of the original coarse 

mesh. Consequently, the displacement boundary conditions for new nodes in 

submodels must be derived based on the shape function of the original elements in 

the global model (Sun and Mao 1988). This interpolation can induce error in the 

boundary condition of the submodels. Therefore, the global mesh size adequacy 

must be checked for proper transmission of displacements into submodels. In order 

to evaluate the amount of these errors, the boundary responses of the submodels 

are compared to the corresponding region in the global model. In addition, to 

reduce the effect of the boundary condition errors on the local notch, the submodel 

region must be sufficiently taken away from the region of interest. Sun and Mao 

(1988) suggested this distance at least one coarse element in the global model. 

It is worth mentioning that submodeling is a one-directional boundary condition 

exchanging from the global to the submodel with no feedback from the submodel 

to the global model (Mora et al. 2020; Narvydas and Puodziuniene 2014; Verma 

et al. 2019). Therefore, for the displacement-based submodeling, it is essential to 

ensure that the stiffness of the submodel is the same as the corresponding region 

in the global model (Narvydas and Puodziuniene 2014). However, the stiffness can 

be different due to mesh refinement if the global mesh is significantly coarser than 

the submodel. In addition, when the fracture is under investigation, the stiffness of 

the submodel changes due to fracture development and material separation. In 

consequence, boundary conditions provided by the global model are not realistic 

for the post-fracture analysis of the submodel.  

Since this study is limited to fracture initiation in joints, the submodel stiffness is 

not affected by local fracture propagation. Therefore, displacement-based solid-to-

solid submodeling was considered to transmit the nodal displacements from the 

global model to the submodels as boundary conditions. Based on this technique 

and the procedure described in Fig. 2, various pit location scenarios were analyzed 

for a case study joint. Then, the fracture initiation displacement of each corroded 

scenario was compared with the intact submodel as a benchmark to quantify the 

joint degradation in terms of fracture initiation. 



 

 
Fig. 2. An illustration of two-level finite element modeling and the procedure for micromechanical 

modeling of the corroded joints.  

2.1. Micromechanical fracture criterion 

Calibrated material constitutive model and fracture criterion are required to predict 

the nonlinear behavior and fracture initiation in steel material. In this study, the 

void growth model (VGM) was selected to characterize the ductile fracture 

initiation. Based on the theoretical studies done by Rice and Tracey (1969) on the 

processes of void growth and coalescence,  Kanvinde and Deierlein (2006) used 

VGM as a micromechanical fracture criterion. In VGM, an explicit continuous 

integration of the stress triaxiality ratio (𝜂) with respect to equivalent plastic strain 

(𝜀�̅�) is done. These two parameters are known as the main influential parameters 

on the ductile fracture of metals under monotonic tensile loads (i.e., 𝜂 >  0.33) 

(McClintock 1968; Rice and Tracey 1969). For situations with large geometry or 

triaxiality variation, VGM is a more appropriate criterion than instantaneous 

criteria in which only the current values of stress and strain are used (Kanvinde 

and Deierlein 2004). VGM has only one calibration parameter, i.e., the critical void 

growth index. Therefore, the model offers a good compromise between accuracy 

and complexity compared to other models like Gurson-Tvergaard-Needleman 

(GTN) with more parameters for a single material (Jia and Ge 2019). 

Based on the VGM, the fracture initiates when the size of voids exceeds a critical 

value (Kanvinde and Deierlein 2006) that can mathematically be written as 

follows: 

𝑉𝐺𝐼 = ∫ 𝑒1.5𝜂 . 𝑑𝜀�̅�
�̅�𝑝

0
> 𝑉𝐺𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙              (1) 



 

The left-hand side of this inequality is known as the Void Growth Index (𝑉𝐺𝐼) that 

is an integration of 𝜂 with respect to 𝜀�̅�. The critical void growth index (𝑉𝐺𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙) 

on the right-hand side can be understood as a material property that is calibrated 

based on the smooth-notched tensile specimens and complementary finite element 

analyses (Kanvinde and Deierlein 2006). It is worth mentioning that to evaluate 

the fractured state based on a representative volume rather than a single point; the 

𝑉𝐺𝐼 is typically compared with  𝑉𝐺𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 over a characteristic length (ℓ∗) of the 

mild steel that is reported 0.4-0.1 mm (Kanvinde and Deierlein 2006; Liao et al. 

2012).  

3. Case study 

To present a demonstration of the described method, a sub-assemblage of a typical 

welded beam-to-column steel joint with an isolated corrosion pit was investigated 

under a column removal scenario. More details about this case study are presented 

in the following subsections. 

3.1. Sub-assemblage description    

As described in Fig. 3, the sub-assemblage was composed of two half-span beams 

and one column which moves vertically in the middle. This configuration has been 

widely used in different numerical and experimental studies (Adam et al. 2018) to 

simulate the effect of interior column removal. Based on this configuration, the 

inflection points are assumed at the middle of the beam span and modeled as pin 

supports (See Fig. 3).  

A Welded Unreinforced Flange-Welded web (WUF-W) joint was selected in 

which rolled IPE360 steel beams were framed into a HE200M column by double-

beveled tee welds and extra fillet welds as described in Fig. 4. Studies showed that 

adding an extra fillet weld effectively reduces fracture potential in the butt welds 

in moment-resisting joints (Chi et al. 2000). This weld configuration was selected 

to ensure that the weld is well-reinforced and does not fracture before the base 

metal, as the fracture of welds is outside the scope of this study. All steel members 

were fabricated from S355J2 steel grade that is known as a variant of S355 

absorbing a minimum of 27J of energy in low temperatures (-20°C) based on the 

V-notch impact tests (European Committee for Standardization 2004). Weld 

access holes were used to perform the welds based on AWS D1.8, 2016 

recommendation (American Welding Society (AWS) D1 Committee on Structural 



 

Welding 2016). Fig. 4 illustrates the geometry of the weld access holes and 

continuity plates used in the studied joint.   

 
Fig. 3. The configuration of joint sub-assemblage under a column removal scenario. 

 

 
Fig. 4. Welding configuration and the weld access hole geometry of the studied joint. 

3.2. Pit characteristics 

Previous studies on corrosion pits (Duddu 2014; Xu et al. 2016) indicated that 

when they are significantly developed into the thickness of plates, the pits can be 

approximated by a semi-ellipsoid, as shown in Fig. 5. Many authors (Cerit 2013; 

Cerit et al. 2009; Huang et al. 2010; Wang et al. 2018; Yan et al. 2019; Zhang et 

al. 2015; Zhao et al. 2020) implemented pitting corrosion in numerical models 

based on this approximation. In this study, also a semi-ellipsoidal shape was 

assumed to be an acceptable morphology to implement pits in numerical models. 

Other possible pit geometries like narrow crack-shaped pits that increase the 

chance of brittle fracture were not considered in this research.  

 
Fig. 5. Typical morphology of corrosion pits obtained by Scanning Electron Microscope (SEM) (Cerit 

2013, with permission): (a) a wide semi-ellipsoidal pit, (b) a semi-spherical pit, and (c) a narrow semi-

ellipsoidal pit. 



 

The joint was studied for different scenarios of a single pit penetrated in critical 

regions of the described joint. According to Table 1, all pit scenarios can be 

classified into three categories based on the pit location relative to the free edge of 

the web or flange plate. In the edge pit category, the pit cut the free edge of the 

plates, and it was assumed that the pit center coincides with the edge line. In the 

near-edge category, the pit penetrates close to the free edge of the plates so that a 

ligament is formed between the pit and the edge. In this category, the effect of edge 

ligament was studied for three different ligament lengths (𝑙𝑒 = 𝑡/12, 𝑡/6, and 𝑡/

4), where 𝑡 is the plate thickness. The rest of the pit scenarios are in the far-edge 

category in which the pit is located far from the free edges of the plates.  

All these pit categories were also investigated for different geometrical parameters. 

According to Table 1, two values of pit depth were studied in which the pit 

penetrated to 50% and 25% of plate thickness (𝑡). The plate thickness was 12.7 

mm and 8 mm for the flange and the web of the beam (IPE360), respectively. In 

addition, for each depth, three different pit aspect ratios (𝐴𝑅 = 1, 0.5, 0.25) were 

studied. This geometrical parameter is defined as the ratio between the pit radius 

and the pit depth (𝐴𝑅 = 𝑟/𝑑) and can affect local responses in the pit, i.e., plastic 

strain and stress triaxiality (Cerit 2013; Cerit et al. 2009; Ji et al. 2015; Pidaparti 

and Patel 2008; Turnbull et al. 2010; Wang et al. 2018). According to this 

definition, for a given pit depth, a smaller 𝐴𝑅 denotes a narrower pit. Fig. 6 

illustrates schematically all different pit characteristics investigated in this study.  

Based on the FEA of the intact joint as presented later, the most critical places in 

the flange and the web of the beam with higher equivalent plastic strain were 

identified and considered as submodels. Then, the isolated pit was moved in those 

areas according to predefined grids. For the tensile flange, the pit was assumed to 

penetrate the outer fiber of the flange by various location scenarios, as described 

in Fig. 7. This grid was defined above the weld access hole for the web of the 

beam, as illustrated in Fig. 8. The above-described pitting matrix includes 582 

pitting scenarios which are different in terms of location, depth, and aspect ratio.  

 
Fig. 6. An illustration of different investigated characteristics of the corrosion pit. 

 



 

Table 1. Isolated pit characteristics matrix. 

notation pit depth (𝑑) location pit aspect ratio (𝐴𝑅) edge ligament length (𝑙𝑒) 

P1 𝑡/2 * 

far-edge 
1 - 

0.5 - 
0.25 - 

near-edge 
1 t/12, t/6, t/4 

0.5 t/12, t/6, t/4 
0.25 t/12, t/6, t/4 

edge 
1 - 

0.5 - 

0.25 - 

P2 𝑡/4 

far-edge 
1 - 

0.5 - 

0.25 - 

near-edge 
1 t/12, t/6, t/4 

0.5 t/12, t/6, t/4 
0.25 t/12, t/6, t/4 

edge 
1 - 

0.5 - 
0.25 - 

* 𝑡 is 12.7mm for the flange plate and 8mm for the web plate. 

 

 

 
Fig. 7. Pit location grid on the flange of the beam (all dimensions are in mm). 

 
Fig. 8. Pit location grid on the web of the beam (all dimensions are in mm). 



 

3.3. Finite element modeling  

Abaqus finite element software was used based on an implicit integration scheme 

to simulate the global model and submodels. Eight-node brick elements with 

reduced integration (C3D8R) were used to discretize the geometry of models. This 

element is a general-purpose linear brick element with only one integration point 

at the center, significantly reducing computational time compared to fully 

integrated elements (Dassault Systèmes 2014). In addition, due to the reduced 

integration point, this element is not subjected to the shear locking phenomenon 

observed in fully integrated elements (Dassault Systèmes 2014).  

Fig. 9 illustrates different mesh refinements used to discretize the geometry of the 

global model and submodels of the joint. To predict the fracture initiation in the 

intact submodel, a 1 mm mesh size was used (see Fig. 9.e). Previous studies 

(Kanvinde and Deierlein 2007; Mahdavipour and Vysochinskiy 2021) showed that 

elements larger than the material’s characteristic length (ℓ∗) can predict fracture 

initiation accurately when there is no sharp notch. However, in submodels with 

corrosion pit, a very fine mesh (0.3-0.2 mm) was employed for the pits and 

surrounding areas, as shown in Fig. 9. This mesh size is approximately one-tenth 

of pit depth and is also comparable with the characteristic length of the mild steel 

(Kanvinde and Deierlein 2006; Liao et al. 2012).  Similar mesh density was also 

used by (Wang et al. 2018). The other regions of the submodels were discretized 

by 3 mm mesh size as was used for the global model.  

For the global model discretization, a 3 mm mesh density was employed at the 

critical region of the beam (near to the column face). The number of layers of 

elements through the thickness of plates in the global model was selected based on 

a standard mesh sensitivity analysis. For this purpose, the global model was 

analyzed for 3, 5, 7, and 9 layers of elements through the plates. Fig. 10.a compares 

the longitudinal nodal displacements across the beam flange where the boundary 

condition of the intact submodel was defined. These curves were obtained for 377 

mm of joint vertical displacement corresponding to fracture initiation displacement 

of the intact submodel, as described later. According to these curves, nodal 

displacement in the global model changed only 0.21% in maximum when the 

number of layers increased from seven to nine. As a result, mesh refinement 

converged, and seven layers were selected to extract the submodels' boundary 

conditions.  



 

To ensure that the mesh refinement in submodels did not change the stiffness 

significantly, the stress in the boundary of the intact submodel and global model 

are compared in Fig. 10.b. These curves were obtained for the same amount of 

joint vertical displacement (377 mm). This comparison indicated that the 

maximum difference between stress profiles in the submodel and global model is 

about 3%. This value implies that the boundary condition was transmitted from the 

global model to the submodel with an acceptable level of boundary condition error.  

Because of the symmetry of the sub-assemblage, only half geometry was modeled, 

and symmetric boundary condition was applied on the symmetry plane, as shown 

in Fig. 9. Boundary conditions were assigned to the Reference Points (RP) defined 

at the ends of the beam and the column. These reference points were constrained 

to the section nodes by kinematic coupling constraints. All these reference points 

were also restrained for out-of-plane movements. As shown in Fig. 9, the column 

removal was modeled by a static vertical displacement acting on RP2. It is 

important to realize that progressive collapse is a nonlinear dynamic phenomenon 

in nature. However, this study focused on capacity evaluation rather than demand 

assessment. Therefore, static push-down analysis was employed as a standard 

method recommended by reputable guidelines (GSA 2016) and (DoD 2009) that 

was also used in the recent open literature (Adam et al. 2018; Daneshvar and Driver 

2019; Lee et al. 2021; Qian et al. 2020; Qiu et al. 2020; Wang et al. 2020).  

The geometry of all welds was modeled to have realistic stress and strain 

distribution on the beam. All weld profiles were attached to the beam and column 

by tie constraints to simulate no relative motion between them (Dassault Systèmes 

2014).   



 

 
Fig. 9. Finite element modeling details: a) the global model of the joint and applied boundary conditions, 

b) mesh refinement in the global model, c) a submodel from the beam flange, d) a submodel from the 

beam web, e) Intact submodel and mesh configuration,  f) mesh configuration of an edge pit, g) mesh 

configuration of a near-edge pit, h) mesh configuration of a far-edge pit. 



 

 
Fig. 10. Mesh sensitivity analysis result at the boundary of submodel region: a) Longitudinal nodal 

displacement of global model converged by using seven layers of elements through the thickness of the 

plates, b) Comparison between stress values obtained from the global model and submodel. 

3.4. Calibrated material properties 

Material nonlinear behavior of the joint was simulated by von Mises yield criterion 

associated with isotropic hardening. Fig. 11 illustrates the average plastic flow 

curves used for base metal (S355J2) calibrated by Mahdavipour and Vysochinskiy 

(2021). Calibrated 𝑉𝐺𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 was also averaged 3.09 for this steel grade 

(Mahdavipour and Vysochinskiy 2021). The weld plastic flow curve adapted from 

(Tu 2017) is also shown in Fig. 11; however, the fracture of welds was not 

modeled. In addition, the average of Young's modulus (𝐸) and Poisson's ratio (𝜈) 

was assumed to be 200 GPa and 0.3, respectively.  

 
Fig. 11. Plastic flow curves used in the numerical models (Mahdavipour and Vysochinskiy 2021; Tu 

2017). 

 



 

Fig. 12 compares numerical and experimental force-displacement and fracture 

patterns of two pull-plate tests with different hole configurations (Mahdavipour 

and Vysochinskiy 2021). As this figure indicates, the above-described material 

model could predict the fracture of the tested specimens accurately. More 

information about these validation tests is available in (Mahdavipour and 

Vysochinskiy 2021). 

It is worth mentioning that the VGM is not a built-in fracture criterion in Abaqus. 

Therefore, a USDFLD user subroutine was developed to implement the VGM in 

the numerical models. This subroutine was called at each time increment to 

calculate the 𝑉𝐺𝐼 for all integration points. 

 
Fig. 12. Material model validation for two pull-plate specimens fabricated from S355J2 with different 

hole configurations (Mahdavipour and Vysochinskiy 2021). 

4. Results and discussion 

In this section, the joint vertical displacement corresponding to fracture initiation 

of the intact submodel (uncorroded) was considered as the benchmark value 

(hereafter is called fracture initiation displacement, ∆𝑓(𝑖𝑛𝑡𝑎𝑐𝑡)). Then the corroded 

submodels with different described pit scenarios were investigated up to this 

displacement. Indeed, if a corrosion pit can initiate fracture by less vertical 

displacement of the joint, that is a deteriorating factor in terms of ductile fracture 

initiation. 

4.1. Result of the intact joint 

Fig. 13 shows the equivalent plastic strain (𝜀�̅�) distribution and the fracture 

location predicted for the intact submodel. As indicated in this figure, the fracture 

occurred at the root of the weld access hole (center of the flange). The same pattern 

of fracture initiation was reported in similar types of joints studied by other 



 

researchers (Sadek et al. 2010; Wang et al. 2021). Fig. 14 shows the vertical force-

displacement curve of the intact joint up to the fracture initiation displacement 

(∆𝑓(𝑖𝑛𝑡𝑎𝑐𝑡)=377 mm). Beyond this displacement, the effect of the corrosion pit is 

less important because the intact joint is already fractured.  

 
Fig. 13. Intact submodel to predict the fracture initiation of the uncorroded joint: a) mesh configuration b) 

location of fracture initiation, c) distribution of equivalent plastic strain (𝜀�̅�). 

 
Fig. 14. The vertical force-displacement curve of the intact joint up to the fracture initiation displacement. 

4.2. Result of the corroded joint 

All submodels with an isolated corrosion pit were analyzed up to the fracture 

initiation displacement of the intact joint. Based on the results, dissimilar patterns 

of fracture initiation were observed in different pit categories. For the far-edge pits, 

the maximum 𝑉𝐺𝐼 occurred at the root of the pits, and the ductile crack was 

initiated at this location. The near-edge pits fractured in the ligament between the 

pit and the free edge of the plates. The maximum 𝑉𝐺𝐼 in the edge pits was observed 

on the wall; however, no fracture was observed for this pit category. Fig. 15 shows 



 

examples of the 𝑉𝐺𝐼 distribution and fracture initiation pattern of these three 

categories of pits. 

 
Figure 15. Examples of the 𝑉𝐺𝐼 distribution and fracture initiation pattern: a) an edge pit without fracture 

initiation, b) a far-edge pit with fracture initiation at the root of the pit, c) a near-edge pit with fracture 

initiation at its ligament. 

4.2.1. Edge and far-edge pits  

Fig. 16 and 17 present the 𝑉𝐺𝐼 ratio for the edge and far-edge pits in different 

locations.  𝑉𝐺𝐼 ratio is defined as the maximum 𝑉𝐺𝐼 normalized by 𝑉𝐺𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 . 

The 𝑉𝐺𝐼 ratios larger than 1.0 are filled by gray color to denote locations with 

fracture initiation. Important to realize that ratios larger than 1.0 are physically 

impossible. However, in these figures, larger values were also used to make a more 

sensible comparison between different locations in terms of 𝑉𝐺𝐼 demand. All these 

distributions of 𝑉𝐺𝐼 ratio were obtained for a vertical displacement corresponding 

to the fracture initiation displacement of the intact joint (∆𝑓(𝑖𝑛𝑡𝑎𝑐𝑡)). According to 

these figures, the 𝑉𝐺𝐼 ratio is lower than 1.0 for all free edges of the plates. It 

means that no edge pit was fractured before the intact joint fracture. As a result, 

such pits can be classified as noncritical pits for the fracture initiation of the joint. 

In contrast, the far-edge pits experienced 𝑉𝐺𝐼 ratios larger the 1.0 in the region 

close to the butt welds and around the middle of the flange. Based on these 

distributions, no far-edge pit fractured in the distance larger than 2𝑡𝑓 from the 



 

weld. For far-edge pits located on the web of the beam also a rectangular bounded 

by a distance less than 2𝑡𝑤 from the weld and about 3𝑡𝑤 from the weld access hole 

can be identified as the critical region. These values also indicate that the 

submodels were selected large enough to capture all critical places for fracture 

initiation of the pit. Fig. 16 and 17 also reveal more details about the effect of 

different pit geometrical characteristics (depth and aspect ratio). As a general 

trend, when the aspect ratio (𝐴𝑅) decreased, or the depth of pits (𝑑) increased, the 

pits at the same location showed a higher 𝑉𝐺𝐼 ratio. In other words, the gray areas 

which show the fractured state were larger for narrower and deeper pits (e.g., pits 

in the flange with 𝑑 = 𝑡𝑓/2 and 𝐴𝑅 =0.25 were the most critical).   

Although these figures are beneficial for identifying the critical locations with high 

potential of fracture initiation, they do not provide enough information about the 

reduction in the fracture initiation displacement of the joint. For this purpose, a 

scatter plot was drawn in Fig. 18 in which the ratio between fracture initiation 

displacement of the corroded joint and the intact joint (∆𝑓(𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑)/∆𝑓(𝑖𝑛𝑡𝑎𝑐𝑡)) is 

shown for all fractured far-edge pits. The points shown in this figure are classified 

based on the pit aspect ratio and location. Obviously, the pit fracture can reduce 

the fracture displacement of the joint by 11% in maximum; however, the average 

value for all fractured pits denotes less than 5% reduction that is negligible. Based 

on these ratios, one might conclude that edge and far-edge pits by the described 

characteristics would not affect the joint integrity significantly.  



 

 
Figure 16. Distribution of the 𝑉𝐺𝐼 ratio on the half flange of the beam for different depths and aspect ratios 

of the pit.  



 

 
Figure 17. Distribution of the 𝑉𝐺𝐼 ratio on the web of the beam for different depths and aspect ratios of the 

pit.   

 
Figure 18. The ratio of fracture initiation displacement of the joint subjected to an isolated far-edge pit 

(the dashed line denotes the average ratio). 

 



 

4.2.2. Near-edge pits 

As described, the near-edge pits penetrate close to the free edge of the flange or 

weld access hole, and a ligament is formed between the pit and the edge of the 

plates (see Fig. 6). This ligament can act as a notch concentrating local stress and 

strain and starts ductile fracture when the joint sustains excessive plastic 

deformations. Fig. 19 shows the 𝑉𝐺𝐼 ratio for the near-edge pits with 𝑑 = 𝑡𝑓/2 

and different aspect ratios (𝐴𝑅) and ligament lengths (𝑙𝑒) as a portion of the flange 

thickness (𝑡𝑓). The pits arrangement is shown in Fig. 7.b. The dashed lines in Fig. 

19 indicate the fracture initiation threshold (𝑉𝐺𝐼 ratio=1). Based on this figure, one 

can determine a 7𝑡𝑓 (or equally about 0.25 of the beam depth) distance from the 

butt weld as a critical zone for the fracture initiation of the near-edge pits in the 

flange. In this zone, the fracture initiation in the ligaments could occur earlier than 

the fracture of the intact joint. However, it also depended on the ligament length 

(𝑙𝑒). For example, almost all pits within this zone that also possessed a narrow 

ligament (𝑙𝑒 = 𝑡𝑓/12 ) experienced fracture before the intact joint while none of 

the pits with 𝑙𝑒 = 𝑡𝑓/4 exceeded the fracture threshold. As this figure indicates, in 

general, a smaller AR increased the 𝑉𝐺𝐼 ratio in the ligament but for some pits  

(e.g., pits with 𝑙𝑒 = 𝑡𝑓/12) this rule is not the case. Indeed, the 𝐴𝑅 changes both 

the elevation and plan geometry of ligaments vice versa. Smaller 𝐴𝑅 (narrower 

pit) provides less metal between the pit wall and the flange edge while at the same 

time it increases the surrounding metal due to a smaller radius. The same results 

were obtained for the near-edge pits on the web of the beam as described in Fig. 

8.b. Based on the results, the whole straight edge of the weld access hole was 

critical, and fracture initiated in most of the pits located in this region with a 

displacement smaller than the intact joint. To quantify the reduction in the fracture 

initiation displacement of the joint, a scatter plot of the ratio of fracture initiation 

displacement of the corroded joint and the intact joint (∆𝑓(𝑐𝑜𝑟𝑟𝑜𝑑𝑒𝑑)/∆𝑓(𝑖𝑛𝑡𝑎𝑐𝑡)) is 

shown in Fig. 20 for all fractured near-edge pits. As this figure shows, the fracture 

was initiated with less than 75% of the joint vertical displacement for some near-

edge pit scenarios. One may conclude if the initiated crack propagates as a ductile 

tearing and in the form of an unstable crack propagating could make a significant 

reduction (more than 25%) in the joint ductility. These results highlight  the 

importance of inspection, monitoring, and treatment of such pits. It should be noted 

that increasing the pit size during the time of exposure can change a far-edge pit 

into a near-edge pit. More exposure time also can reduce the ligament of an 



 

existing near-edge pit. Such a pit development near the edge of the plates would 

play a key role in the final ductility of the joint.  

 
Figure 19. 𝑉𝐺𝐼 ratio of the flange near-edge pits with 𝑑 = 𝑡𝑓/2 (at the fracture initiation displacement of 

the intact joint). 

 
Figure 20. The fracture initiation displacement ratio of the joint subjected to an isolated near-edge pit (the 

dashed line denotes the average ratio). 



 

5. Conclusions 

Despite code requirements regarding protection methods to avoid pitting 

corrosion, it is still happening in steel structures located in aggressive 

environments. Furthermore, many aged facilities that are kept in operation beyond 

their design life can also be subjected to extreme events like a column removal 

scenario. In such a situation, the interaction between excessive plastic 

deformations and pitting localization can lead to ductility degradation by an 

accelerated fracture initiation. Therefore, evaluation of the pitting effect on the 

structural integrity of steel joints could be vital for the performance of the global 

structure under future events.  

On the other hand, accurate numerical prediction of ductile fracture in corrosion 

pits requires a micromechanical fracture criterion and a fine three-dimensional 

solid mesh in the pit domain. However, for complicated geometry of beam-to-

column joints implementing the pit geometry on the overall model of the joint and 

achieving proper mesh configuration is challenging and time-consuming.  

In this study, two-level numerical modeling was employed to overcome these 

challenges. In this technique, a global model was used to carry out the nonlinear 

finite element analysis of the overall joint. Then various pit scenarios were 

investigated by micromechanical simulations on submodels taken from the critical 

regions of the joint.  

This approach was examined through a parametric numerical study performed on 

a typical welded steel beam-to-column joint with an isolated corrosion pit and 

under a column removal scenario. The critical pitting scenarios were identified by 

comparing the fracture initiation of the corroded joint with the intact joint 

(uncorroded). Fracture initiation in the joint was studied for three categories of pits 

specified based on their location relative to the free edge of plates (edge, near-

edge, and far-edge pits). Besides the location of the pit, the geometrical properties 

of the pit (depth and aspect ratio) were also investigated. For this purpose, two 

depths of pit penetration (𝑡/2 and 𝑡/4) and three values of pit aspect ratio (1, 0.5, 

and 0.25), and also three values of edge ligament length (𝑡/12, 𝑡/6, and 𝑡/4) were 

considered. In total, 582 submodels subjected to an isolated pit were analyzed. 

Based on the numerical outcomes of the case study joint, the main conclusions that 

can be drawn are:  

• No edge pit was fractured before the intact joint fracture. As a result, 

such pits can be considered noncritical for the ductility of the joint.  



 

• Far-edge pits close to the butt welds in both flange and web exhibited the 

fracture initiation earlier than the intact joint. However, the reduction in 

fracture displacement was minor (11% in maximum). As a result, such 

isolated pits also can be skipped due to their insignificant effect.   

• Near-edge pits were identified as the most critical pits that can accelerate 

the fracture initiation of the joint compared to two other categories, 

particularly when they form a narrow ligament between the pit and the 

free edge of plates. The result showed that the fracture initiation 

displacement of the intact joint was reduced by about 25% when near-

edge pits existed. If the initiated ductile crack propagates in the form of 

ductile tearing and unstable crack propagation, it can significantly reduce 

the joint ductility. These results highlight the importance of inspection, 

monitoring, and treatment of near-edge pits or far-edge pits that can 

change into a near-edge pit during the exposure time. 

• Regarding geometrical parameters, the results showed that when the 

aspect ratio decreased (narrower pit) or the pit's depth increased, there 

was an increased tendency to fracture. 

These results suggest the two-level numerical modeling as a capable technique to 

facilitate micromechanical simulation of pitting corrosion in complicated 

components under excessive plastic deformations. Based on this technique, 

engineers can scrutinize the behavior of corroded joints to find a proper treatment 

strategy.  

6. Limitation and future work 

This study is limited to an isolated pit. In a real situation, distribution of pits along 

with uniform corrosion can occur. As a result, the joint fracture behavior must also 

be investigated for a reduction of the cross-section area and interaction between 

pits. Future studies should consider a more realistic distribution of pits and involve 

more aspects of the problem, such as the joint size effect, structural details, and 

pitting corrosion of the welds. A procedure can be made to consider all these 

factors efficiently in the inspection, monitoring, and treatment of such joints to 

avoid their collapse for a prolonged lifetime. 
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