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ABSTRACT 

 

Welded connections between beams and built-up box columns in steel moment frames require the 

attachment of a continuity plate to the inside of the box column using Complete Joint Penetration 

(CJP) welds. Electroslag Welding (ESW) is often used to weld one of the sides of this continuity 

plate to the inside box column. These welds are susceptible to fracture owing to decreased material 

toughness and the installation of containment plates that create a notch condition. Finite element 

based fracture mechanics simulations are presented to examine the effect of various design and 

detailing parameters on the fracture toughness demands in these connections for reversed cyclic 

loading (earthquake type loading). The results indicate that the use of improved bevel details in 

the containment plate, and the use of a Reduced Beam Section (RBS) connection strongly mitigate 

fracture toughness demands, whereas eccentricity in the weld (with respect to the continuity plate) 

and mismatch between the beam and column flange widths exacerbate fracture toughness demands. 

The beam and column size, as well as weld access hole details are determined to have only a 

modest effect on the fracture toughness demands. Simulations are also conducted to examine 

column wall thickness limits beyond which continuity plates may not be required. These suggest 

that using limits similar to wide-flanged columns may not provide adequate performance. 

Limitations of the study are presented, along with directions for future work.   

KEYWORDS: Box columns; Fracture; Welded Connections 
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CHAPTER 1 

 INTRODUCTION 

 

Built up box columns are used in seismically designed Steel Moment Frames (SMFs) to resist 

biaxial bending, and to provide economy in meeting seismic strength and drift requirements in an 

economical manner, in comparison to rolled wide flanged (i.e., W-) sections. While they are 

increasingly popular, especially for high-rise steel buildings in seismic regions, some factors limit 

their widespread use. These columns are usually constructed from plate steel with longitudinal 

CJP welds to form the box. A key issue, which is the focus of this paper, pertains to the beam-to-

column connections in these columns. Figure 1.1a shows a typical beam-to-column connection 

used in such columns. Referring to Figure 1.1a, a continuity or diaphragm plate (similar to that 

provided in conventional beam-to-W-section column connections) is usually provided to 

effectively transfer the forces introduced by beam flanges into the column flange plate.  The 

continuity plate presents a fabrication challenge, because it must be attached to all four sides of 

the box from the inside, using Complete Joint Penetration (CJP) welds. Conventional welding 

techniques cannot be used, because access to the inside of the box column is not available once 

the box is closed. Electro-Slag Welding (ESW) has been proposed as a solution to this problem. 

Figures 1.1b and c schematically illustrate the process for installation of the continuity plate within 

the box column, using the ESW technique.  

 

Referring to these figures, first three sides of the box are welded together; this is usually 

accomplished by introducing longitudinal CJP welds along the length of these plates using 
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Submerged Arc Welding (SAW). Then, the continuity plate is CJP welded on three sides of the 

box using Flux-Cored Arc Welding (FCAW), before the fourth plate is welded to close the box. 

This leaves the fourth side of the continuity plate unattached to the box plate. To attach this plate 

to the box wall, the ESW welding technique is employed, as shown in Figure 1.1c. See Padilla-

Llano et al. 2021, Gilmer et al. 2005 for a historical overview of the development and use of the 

ESW welding process. This technique involves inserting an electrode through a hole in an adjacent 

flange plate, and then depositing weld filler material between the continuity plate and the box plate. 

The electrode is gradually raised as the filler material is deposited (in a single weld pass), until the 

entire length of the continuity plate is CJP welded to the box plate. The electrode is continuously 

fed into the rising weld pool in the joint. Although the ESW process overcomes the fabrication 

challenges outlined above, it raises other issues from the standpoint of structural performance of 

the beam-column connections. These issues are related to two factors: 

 The extremely high weld deposition rates (on the order of ~45lbs/h, relative to 3~9lbs/h 

commonly seen in conventional FCAW welds) result in heat input that is on the order of 10 

times greater than FCAW welds, along with low cooling rates that result in wide Heat Affected 

Zones (HAZs) with coarse grained microstructures. This ultimately leads to decreased material 

toughness in these welds.  

 The ESW welds entail attachment of containment plates on the inside of the box (see Figure 

1.1d) to contain the weld pool as the filler metal is deposited. These typically lead to stress 

concentrations or notch conditions due to lack-of-fusion regions or re-entrant corners. Various 

details have been proposed to mitigate these discontinuities.  

The combination of the decreased material toughness, and the discontinuities in weld regions raises 

concerns regarding the seismic performance of these connections, such that there are significant 
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restrictions in design standards regarding their use. Specifically, AISC 358-22 (AISC, 2022) which 

includes prequalified moment connections, disallows the use of ESW welded box column details 

in columns that have either a depth or width greater than 24 inches (588 mm), and RBS beams that 

are larger than W36 X 300. Additionally, AISC 358-22 indicates that “where moment frame beams 

do not connect to all four sides of the box column, it is recommended that the ESW side of the 

column be located where there is no moment frame.” Moreover, seismic design codes, including 

AISC 358 as well as the Seismic Provisions, i.e., AISC 341-22 (AISC, 2022) do not provide 

guidance regarding when the continuity plate need not be specified. This is in contrast to beam-to-

W-section column connections for which clear guidance exists. Designers must either adapt such 

guidance to box columns or conservatively specify a continuity plate, resulting in the 

aforementioned problems with the ESW joint. Collectively, these considerations constrain the 

effective use of box sections to economically design SMFs. As a result, development of 

technologies and details that mitigate these problems has been of interest to researchers and 

professional communities internationally (Verma et al. 2005, Lin et al. 2012, Tsai et. al. 2020). 

Nonetheless, the research in this area is somewhat limited, relative to other similar structural 

details. Specifically, in the United States, only one test program (Lee et al., 2016) has been 

conducted in which only one out of three experiments showed acceptable response, i.e., met 

prequalification standards (AISC 341-22). Previous testing in Taiwan (Lin et al. (2010)) included 

22 experiments, of which 12 showed premature failure. These results, in part, have contributed to 

the current guidelines outlined above. Developing robust provisions to support the use of beam to 

box column connections requires research and synthesis on the following fronts: (1) understanding 

fracture toughness demands in these connections, and the effect of various detailing and geometric 

parameters on these demands, (2) the development of welding technologies that provide adequate 
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toughness to meet these demands, and (3) large-scale qualification testing to demonstrate 

connection performance. This paper addresses the first of these, by using Continuum Finite 

Element (CFE) based fracture mechanics simulations to examine the effect of detailing 

considerations and parameters on internal stress distributions and fracture toughness demands in 

box column beam-column connections. These include different types of containment plate 

configurations, beam and column dimensions (section sizes, wall thicknesses, access hole 

geometry, and the use of RBS details) as well as continuity plates sizes, with the objective to 

develop insights that may be used to support effective details for such connections. Additionally, 

the sensitivity to fracture toughness is also assessed. The paper begins by providing background 

regarding relevant research in the area that has a direct bearing on the CFE simulations conducted 

in this study. This is followed by a description of the CFE simulation methodology, including the 

underlying fracture mechanics approaches used. The effect of each parameter is then examined in 

the context of prospective connection detailing strategies. The paper concludes by outlining 

limitations of the study, while providing direction for future work.   
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Figure 1. 1 – Fabrication of beam-box-column connection: (a) overview, (b) welding on three 
sides of box using SAW, (c) ESW welding on fourth side after closing box (d) detail of ESW 
weld process  
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CHAPTER 2 

 BACKGROUND AND PREVIOUS WORK 

 

Research on ESW welds, and their application to box column continuity plate welds, has been a 

focus of research internationally. In the United States, qualification testing on box column 

connections has been conducted in support of a 24-story building in San Diego, California (Lee et 

al., 2016). This testing featured three Reduced Beam Sections (RBS) moment connections attached 

to 24”x36” (610x914mm) built up steel box columns. Figures 2.1a and b schematically illustrate 

the ESW details used in these connections to connect the continuity plate to the box column. 

Referring to these figures, two types of containment plate details were used, these are: (1) a 

conventional detail – Figure 2.1a, and (2) an improved detail, mitigating the notch condition of 

conventional detail– Figure 2.1b. The detail shown in Figure 2.1b also includes shim plates 

between the containment plate and the continuity plate, intended to cool the weld more effectively. 

Two of these specimens (termed Specimen #1 and #2 by Lee et al., 2016) with the conventional 

bevel detail (such as shown in Figure 2.1a) suffered brittle fracture at unacceptably low story drift 

ratios (i.e., less than 4.0% drift) under an applied ATC-SAC protocol (AISC 341-22), whereas 

Specimen #3 with the improved bevel detail (similar to Figure 2.1b) survived the applied protocol 

through cycles corresponding to 4% drift without significant strength deterioration, meeting the 

standard for prequalification. Figure 2.1c shows another type of beveled detail developed by Lin 

et al. (2012) in Taiwan, mitigating the notch condition of conventional detail. Such beveling moves 

the notch tip out of the path of direct stresses under the flange, reducing fracture toughness 

demands. Figures 2.2a-c show post-test photographs of the ESW joint region, indicating the weld, 

containment plate, as well as the cracking/fracture observed in Specimens #1, #2, and #3, of the 
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Lee et al., (2016) tests, hereafter referred to as the UCSD tests. Each of the figures indicates the 

notch condition introduced by the containment plates, at which cracks initiated under the applied 

load, as well as some other features of interest. Referring to Figures 2.2a and b, the cracking that 

initiated at the notch resulted in these connections being completely severed. On the other hand, 

the specimen with the improved detail (shown in Figure 2.2c) showed the initiation of cracking at 

the notch but without brittle propagation.  

 

Significant research on ESW connections has also been conducted in Japan and Taiwan. Notable 

within this is work by Tsai et al., (2015) who reported a statistical evaluation of 22 box column 

moment frame connections, and determined that 12 of these specimens did not achieve the 0.04 

rad story drift angle requirement for SMFs. Similar research conducted in Japan led to the 

publication of a guidebook (JSSC, 2016). Additionally, work by Chen (2009), and more recently 

Tsai et al., (2020) and Chen et al., (2020) used CFE simulations to assess the effects of parameters 

(specifically, the ESW the weld bulb radius, and the eccentricity between the continuity plate and 

the beam flange) on local strain and fracture toughness demands.  Cumulatively, this research 

indicates that box-column moment connections with ESW diaphragm welds require serious 

innovation, research, and guideline development for more widespread use in construction, in the 

United States as well as overseas. The details examined in this study are derived from these 

previously tested details.  

  



Chapter 2: Background and Previous Work 
 

8 
 

 

 

 

 

 

 

 

 

 

 

 

(a)  (b) (c) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
 

 

  

Containment 
Plate (13mm) 

76
m

m
 

22mm 

ESW 

Continuity 
Plate 

Column Wall Plate 

ESW 

Shim 

 (3.2mm) 

25mm 

9.5mm 

50mm 
20mm 25mm 

10mm 

ESW 

Column Wall Plate Column Wall Plate 

Beam 

Flange 

Continuity 
Plate 

Containment 
Plate (19mm) 

Beam 

Flange 

9.5mm 

Containment 
Plate (25mm) 

Continuity 
Plate 

Beam 

Flange 

22mm 

76
m

m
 

Figure 2. 1 – Electroslag Weld joint detail (a) Standard – S, (b) Beveled detail – B1, (c) 
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CHAPTER 3 

 OVERALL METHODOLOGY AND SIMULATION MATRIX 

 

The primary objective of this study is to examine fracture toughness demands in variations of box 

column moment connections through CFE simulations. Consequently, the overall methodology 

includes three parts, as schematically illustrated in Figure 3.1. Referring to the figure, the main 

research component is the Continuum Finite Element (CFE) simulations that are used to relate 

externally applied loading to fracture toughness demands at critical locations within the structural 

component. The CFE models in turn rely on inputs that pertain to detail configuration and 

geometry as well as material properties, and fracture criteria for interpretation of the results. This 

section addresses the various input parameters and effects examined through the CFE simulations 

that are described in detail in the next section. Tables 3.1 and 3.2 summarize the simulations 

conducted. Specifically, Table 3.1 presents the simulation matrix for box column connections with 

the internal continuity plate and ESW welds, whereas Table 3.2 illustrates simulations designed to 

examine the necessity of the continuity plate itself, depending on the column wall plate thickness 

and other factors. In these, no ESW weld is present, and the fracture critical location is on the 

outside of the column between the beam bottom flange and the column. Since these simulations 

(and their purpose) is functionally different from the ESW simulations, a separate simulation 

matrix is generated for them. Referring to the Table 3.1, a total of 15 simulations were conducted 

for the ESW joint, interrogating the following parameters:  

1. Containment plate detail: Three details were considered; these include a standard containment 

plate detail without any bevel as shown in Figure 2.1a previously (this is denoted S), and two 

beveled details (denoted B1 and B2). Of these, detail B1 (shown previously in Figure 2.1b) 
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refers to a detail developed in the United States which includes a bevel within the containment 

plate to minimize the notch effect, in addition to the introduction of a shim plate whose purpose 

is to cool the ESW efficiently. The detail B2 reflects one developed by Lin et al. (2012) in 

Taiwan, which includes the bevel but not the shim plate. The thicknesses of the containment 

and shim plates are 3/4” (18mm) and 1/8” (3.2mm) respectively.  The introduction of the shim 

plate affects the heat transfer during the welding process, ultimately altering the local material 

properties in a favorable way. While the simulations in this study simulate the geometric effect 

of the shim plate and the containment plate, the effect on material properties is not simulated.  

2. Effect of beam and column size: Referring to Table 3.1, two beam sizes (W36x302 and 

W27x368), along with four column sizes were used.  

3. Effect of using a Reduced Beam Section (RBS) in the beam: Two levels of beam flange 

reduction were used (in addition to an un-reduced flange, i.e., a Welded Unreinforced Flange- 

Welded Web, i.e., WUF-W connection) following the geometric requirements of AISC 358-

22, Section 5.8; these include flange reductions of 2.625” (67mm) and 4.125” (105mm) flange 

reductions – see Figure 3.2a. These RBS configurations (denoted RBS1 and RBS2 

respectively) represent a reduction in the effective plastic modulus to 76% and 62% with 

respect to the WUF-W connection.  The purpose of the RBS is to mitigate stress demands in 

the connection at the column face and at the ESW joint. This was one of the strategies pursued 

by Lee et al., (2016) to successfully achieve ductile performance in their experimental program.  

4. Weld Access Hole (WAH) geometry: Two geometries for the WAH were used; these include 

the geometric requirements of AISC 360 Fig. C-J1.2 (AISC 360-2022) and a larger web access 

hole geometry, based on AWS D1.8 (Ricles, et al., 2002). Figure 3.2b shows the two weld 

access hole geometries; these are termed Standard and Improved respectively.  
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5. Eccentricity of ESW weld bulb: The electrode moves laterally within the containment plates as 

it is being retracted during the welding process, sometimes resulting in an unintended 

eccentricity that exacerbates the notch effect. This was observed in one of the UCSD specimens 

(Test #2). Moreover, the eccentricity of the weld bulb was identified to be an important issue 

during previous CFE simulations by Chen et al., (2020) and Tsai et al., (2020). Figure 3.2c 

illustrates the definition of the eccentricity parameter defined as e. Two values of e, i.e., e = 0 

and e = 10mm were examined in this study, based on the measured eccentricity in Test #2. The 

eccentricity is assumed to be constant through the entire length of the ESW weld. It is important 

to note here that in both these cases, the continuity plate and the beam flange are perfectly 

aligned; the issue of misalignment between these is a distinct matter, and has been examined 

previously by Chen et al., (2020).  

Referring to Table 3.1, the simulation matrix is fractional-factorial, such that while the effect of 

each parameter outlined above is examined, all the cross-dependencies are not examined. However, 

subsets of the simulations may be used to isolate the effects of individual parameters. Referring to 

Table 3.2, additional simulations were conducted to examine the necessity of the continuity plate 

itself, considering that: (1) provisions governing the use of such plates for box columns do not yet 

exist, and (2) removing the continuity plate will eliminate the entire problem associated with the 

ESW joint. However, the absence of the continuity plate influences the fracture potential in the 

CJP groove weld outside the column. This is because the continuity plate constrains out of plane 

bending of the column wall plate when loaded by the beam flange, and mitigates stress 

concentrations in the beam-flange groove weld.  Thus, these simulations examine a different issue 

as compared to those in Table 3.1. The relevant parameters expected to influence the continuity 

plate are the beam flange thickness and the column thickness. The Seismic Provisions (AISC 341, 
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2022) indicate continuity plates are required unless the column flange thickness is greater than the 

following: 

𝑡௖௙ିௐி
୅୍ୗେ ൌ max ሺ0.4ට1.8𝑏௕௙𝑡௕௙

ி೤್
ி೤೎

,
௕್೑
଺
ሻ    (1) 

In the above equation, 𝑏௕௙ and 𝑡௕௙ are the beam flange width and thickness, and 𝐹௬௕ and 𝐹௬௖ are 

the expected yield strengths of the beam and column respectively. Although the above equation is 

not prescribed for box columns, the thickness implied above is used here as a reference value to 

interpret simulation results. Table 3.2 shows the ratio between the column flange thickness and the 

threshold thickness shown above. The thickness of the continuity plate (normalized by the beam 

flange thickness) is also shown in the table. Note that for a single sided connection (as analyzed in 

this study), the minimum required continuity plate thickness is 0.5tbf.  
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Table 3. 1 Simulation Matrix for Column Connections with the Internal Continuity Plate and 
ESW  

# Column 
Beam 

Section 
Access 
Hole 

ZRBS/ 
ZX 

Conta-
inment 
Plate 

Ecce-
ntri-
city 

bbf/ 
bcf 

Drift when D>1 (%) 

Web BE CC 

1 610x914 W36x302 AWS D1.8 1.0 1 S e=0 0.70 0.75 - - 

2 610x914 W36x302 AWS D1.8 1.0 1 B1 e=0 0.70 3.00 1.00 - 

3 610x914 W36x302 AWS D1.8 1.0 1 S e=10 0.70 0.50 - - 

4 610x914 W36x302 AWS D1.8 1.0 1 B1 e=10 0.70 0.75 - - 

5 610x914 W36x302 AWS D1.8 0.76 B1 e=0 0.70 4.00 - - 

6 610x914 W36x302 AWS D1.8 0.62 B1 e=0 0.70 5.00 1.50 - 

7 610x914 W36x302 AISC360 1.0 1 B1 e=0 0.70 2.00 - - 

8 610x914 W27x368 AWS D1.8 1.0 1 B1 e=0 0.74 2.00 1.00 - 

9 610x914 W27x368 AWS D1.8 1.0 1 S e=0 0.74 0.75 - - 

10 610x914 W27x368 AISC360 1.0 1 B1 e=0 0.74 2.00 - - 

11 610x914 W36x302 AWS D1.8 1.0 1 B2 e=0 0.70 2.00 - - 

12 610x914 W36x302 AISC360 0.76 S e=0 0.70 - - - 

13 610x610 W36x302 AWS D1.8 0.62 B1 e=0 0.70 6.00 2.00 - 

14 432x914 W36x302 AWS D1.8 0.62 B1 e=0 1.0 D<1 D<1 - 

15 762x914 W36x302 AWS D1.8 0.62 B1 e=0 0.56 4.00 2.00 5.00 

Unit: mm, tcf =50.8, 1: WUF-W 
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Table 3. 2 Simulation Matrix for Examining the Necessity of the Continuity Plate, Depending on 
the Column Wall Thickness and Other Factors 

# tcf 
Beam 

Section 
bbf tp/tbf 

Contain-
ment 
Plate 

𝑡௖௙
𝑡௖௙ିௐி
୅୍ୗେ  𝐷ସ% 

16 50.8 W36x302 427 1.0 B1 0.71 0.76 

17 50.8 W36x302 427 0.52 B1 0.71 1.92 

18 50.8 W36x302 427 - w/o 0.71 54 

19 76.2 W36x302 427 1.0 B1 1.06 0.68 

20 76.2 W36x302 427 0.52 B1 1.06 0.93 

21 76.2 W36x302 427 - w/o 1.06 2.25 

22 127 W36x302 427 1.0 B1 1.76 0.45 

23 127 W36x302 427 0.52 B1 1.76 0.49 

24 127 W36x302 427 - w/o 1.76 0.59 

25 50.8 W27x368 630 1.0 B1 0.62 0.67 

26 50.8 W27x368 630 0.50 B1 0.62 1.33 

27 50.8 W27x368 630 - w/o 0.62 5.8 

28 76.2 W27x368 630 1.0 B1 0.93 0.48 

29 76.2 W27x368 630 0.50 B1 0.93 0.64 

30 76.2 W27x368 630 - w/o 0.93 2.13 

31 127 W27x368 630 1.0 B1 1.55 0.37 

32 127 W27x368 630 0.50 B1 1.55 0.40 

33 127 W27x368 630 - w/o 1.55 0.54 

34 102 W36x302 427 1.0 B1 1.41 0.53 

35 102 W36x302 427 0.52 B1 1.41 0.60 

36 102 W36x302 427 - w/o 1.41 0.97 

37 152 W36x302 427 1.0 B1 2.12 0.39 

38 152 W36x302 427 0.52 B1 2.12 0.40 

39 152 W36x302 427 - w/o 2.12 0.43 
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Figure 3. 1 – Schematic illustration of methodology  
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CHAPTER 4 

 CONTINUUM FINITE ELEMENT MODELS 

 

Each of the parameter sets defined in Tables 3.1 and 3.2 above was examined through Continuum 

Finite Element (CFE) simulations to assess the fracture toughness demands at critical locations in 

the box column connections. The simulations were conducted on the platform ABAQUS (Ref 

ABAQUS 2020, Dassault Systems) and share some features in terms of overall methodology, 

constitutive material models as well as fracture indices used, but are different in other aspects – 

specifically pertaining to their geometric construction and meshing. The following subsections 

summarize each set of simulations, before describing the features common to both.  

Simulations to examine fracture toughness demands at the ESW joint 

The parameter sets indicated in Table 3.1 may be arranged in a hierarchy wherein some share 

identical global characteristics (e.g., beam size and RBS ratio, column size and continuity plate 

thickness) but differ at a local detailing level (i.e., containment plate configuration or ESW 

eccentricity). To simulate these various conditions with computational efficiency, a global model-

submodel scheme was used, which is illustrated in Figure 4.1. This scheme includes two steps: (1) 

three dimensional CFE models of the complete connection configuration including the beam, 

column, and continuity plate are constructed for each of the “global” parameter sets and subjected 

to loadings and boundary conditions to reflect component level actions (e.g., story drifts) – this is 

shown in Figure 4.1 for one of the simulations, i.e., Sim #6, which is complementary to Test #3 

from the UCSD test program, and (2) submodels are then created to reflect the local detailing. The 

submodels are driven by the displacement demands determined from the global models, and 

feature fine meshes and notch or crack tip geometries to compute stresses and strains at resolutions 
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required to characterize fracture toughness demands. These are shown in Figure 4.1b. This is a 

well-established procedure such that ABAQUS provides on-board capabilities for submodeling. 

This approach results in significant computational efficiency because: (1) it allows for extremely 

fine meshing of critical regions of interest while the global model may be meshed coarsely without 

the associated problems of mesh transition, and (2) it allows for a limited number of global model 

runs, for which numerous submodel runs may be conducted to interrogate local effects, e.g., by 

altering submodel details or by inserting the submodels at different locations within the overall 

component configuration. 

 

The global model was constructed to reflect all aspects of the overall geometry of the beam-column 

subassemblage, including 9.14m of the beam and 4.88m of the column – which is consistent with 

a typical story height and bay width. A single sided connection was used in this study. Pinned 

boundary conditions (applied in the form of knife-edge displacements) were applied at the top and 

bottom of the column segment – these are indicated in Figure 4.1. Two types of loading were 

applied to each model: (1) an upwards monotonic displacement up to an equivalent drift of 6% - 

this produced tension in the lower flange, and (2) cyclic displacement history at the beam tip as 

per the AISC 341-22 protocol, expressed in terms of story drift. The story drift was determined as 

the tip displacement of the beam divided by the length of the beam as measured from the beam tip 

to the centerline of the column – this is consistent with AISC 341-22, as well as how the drift was 

determined in the UCSD test program (Lee et al. 2016). The beam and column were modeled with 

the properties of A992 Grade 50 (345MPa) steel, whereas the ESW weld bulb was modeled to 

occupy the entire region bounded by the continuity plate, containment plates, and the column wall. 

The calibration of material properties for each of these are discussed in a subsequent section. The 
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model included large-strains and geometric nonlinearity, and appropriately scaled imperfections 

(see Elkady and Lignos 2018) to induce local buckling. The global model utilized 37,000 

hexahedral (i.e., C3D8R, C3D20R and C3D20) elements to simulate the beam, column as well as 

all attached plates, i.e., the continuity plates and containment plates. This results in element sizes 

ranging from ~1mm (in the vicinity of the notch) to ~100mm over the length of the beam or column.  

Figure 4.2c shows load-deformation curves from the CFE simulation for both the monotonic and 

cyclic loadings for one of the simulations (i.e., Simulation #12) superimposed on the counterpart 

experimental data from the UCSD Test #1 and #2 (with a 610x914x51mm column, W36x302 

beam, Standard WAH, ZRBS/ZX, = 0.76, and containment plate type S), whereas Figure 4.2d shows 

the deformed shape including the formation of local buckles at an instant in the loading (indicated 

on Figure 4.2c). Figures 4.2a and b are similar to Figures 4.2c and d, except that they correspond 

to Sim #6 and Test #3. Referring to Figures 4.2a and c, the overall match between the experimental 

and simulated load-deformation curves is reasonably good, while Figures 4.2b and d indicate that 

the simulations are also able to capture the modes of local buckling. A closer inspection indicates 

that the simulated curves show slightly higher loads as compared to the experimental ones; this 

may be attributed to two factors: (1) the experimental specimens undergo significant crack 

propagation during cyclic loading, which is not modeled in the simulations – see Figure 2.2 shown 

previously, and (2) The material properties of the weld-bulb in the direction perpendicular to the 

axis of the bulb are not known independently – see subsequent section about material models. 

Nonetheless, from the standpoint of providing a sense of the fracture toughness demands at the un-

fractured ESW joint (which is the intent of this study), the simulations may be considered 

conservative, since they possibly overestimate the stresses in this region. Figure 4.1b shown 

previously illustrates the detail of a local model, shown for Simulation #6. Referring to this figure, 
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the local features in ESW joint are modeled with significantly greater detail as compared to the 

global model – this includes the containment plates bevels, as well as the gaps within them. The 

notch tip is simulated with a diameter of 0.025mm – which also reflects the width of the gap 

between the containment plate and the column wall (see Figure 4.1). This value is roughly 10% of 

the estimated critical Crack Tip Opening Displacement (CTOD) for the material. Studies by 

McMeeking and Parks (1979), suggest that simulating the notch in this manner produces results 

comparable to those with perfectly sharp cracks. Previous studies (Stillmaker et al., 2015; 

Kanvinde et al., 2008) suggest that modeling weld root flaws as perfectly sharp cracks is 

appropriate. Referring to Figure 4.1, the representation of the notch in this manner necessitates the 

use of a fine mesh, in which elements are on the order of 0.005mm in size.  

 

As discussed previously, the local model may be inserted at any location within the width of the 

connection (e.g., at the centerline of the beam, in line with the web) or towards the tips of the beam 

flanges, to interrogate the fracture toughness demands at those locations. This insertion implies 

that the deformation fields (as obtained from the global model at the location of interest) is used 

to drive the simulation of the local model. In this study, the local models are inserted at 3 locations 

within the global model (i.e., at the centerline– denoted “web,” at a location in line with the edge 

of the beam flange – denoted “EB,” and at the edge of the column plate – denoted “EC”) to 

interrogate the fracture toughness demands at these locations – see Figure 4.1. The fracture 

toughness measures used are summarized in a subsequent section.  

 

Simulations to examine fracture toughness demands in beam-flange groove weld  
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Figure 4.3 shows a CFE model corresponding to simulations in Table 3.2, which examine the 

necessity of specifying the continuity plate. The purpose of the continuity plate is to transfer the 

forces from the beam flanges into the column without excessive bending or stress concentration in 

the column flange wall plate, which may lead to fracture in the groove weld between the beam 

flange and the column. Referring to Table 3.2, a total of 3 parameters are assessed for this situation, 

featuring combinations of the continuity plate thickness (including absence of the continuity plate) 

and the column-wall thickness – variables that are anticipated to most strongly influence the 

stress/strain field in the groove weld. Consequently, the need for the continuity plate is assessed 

based on the fracture toughness demand in the groove weld outside the column, i.e., between the 

column and the beam flange. These simulations are similar in terms of overall construction to the 

ones for the ESW joint discussed above, but with some differences. A range of column wall plate 

thicknesses is chosen relative to the current limit 𝑡௖௙ିௐி
୅୍ୗେ  for wide-flanged columns (see Equation 

1). It is important to note that only some of these simulations contain the continuity plate. Two 

continuity plate thicknesses are chosen – one represents the minimum required for a single-sided 

connection with a wide-flanged column as per AISC 341-2022, i.e., 0.5𝑡௕௙, and another is 𝑡௕௙ to 

examine if the stress distribution in box columns connections may imply different limits compared 

to a wide-flanged column. In these simulations, the purpose of the continuity plate is to generate a 

benchmark estimate of fracture toughness demands in the groove weld, relative to which the 

demands from the simulations without the plate may be evaluated. In the simulations with the 

continuity plate, the internal joint between the continuity plate and the column wall plate is 

modeled simply as a tie constraint, without the complexity of the ESW detail or the containment 

plates, because the detail in this region does not influence the stress or strain state the groove weld 

between the beam and the column. In all simulations (i.e., with and without the continuity plate), 
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the groove weld on the outside is modeled as shown in Figure 4.3, based on typical dimensions 

used in similar CFE studies previously (e.g., Skiadopoulous and Lignos 2022). Second, it is noted 

that the details reflect a post-Northridge detail such that there are no backing bars or other 

discontinuities in the flange groove weld area. Consequently, the fine mesh (and the associated 

transitions) are not needed for these models, as they are for the ESW joints. Figure 4.3 shows the 

detail of the mesh in this region; the elements are all C3D8R and on the order of 0.5mm. A mesh 

convergence study indicates that this degree of mesh refinement is sufficient to capture the 

strain/stress gradients in the region. Since the fine meshing around the notch tip is not needed, only 

global models are constructed for this set of simulations.  

Simulation of material constitutive response  

For all materials (i.e., beam, column plate, and weld bulb or groove weld), a von Mises plasticity 

model with combined isotropic kinematic hardening (specifically, the Frederick and Armstrong – 

1966) model was used. Based on previous studies (e.g., see Elkady and Lignos 2018, and 

Skiadopoulous and Lignos 2022, and Tsai et al., 2020), these models are able to represent the 

constitutive response of these materials with sufficient accuracy. Table 4.1 summarizes the 

parameters used for the model. The footnotes of Table 4.1 briefly summarize the role of each 

parameter; the full description of the constitutive model may be found in (Smith et al., 2014). The 

parameter selection for these was conducted based on the following: 

1. Column wall plate base material and containment plate material:  Values adopted directly from 

Lee et al., (2016) 

2. Beam base material: Values adopted directly from Lee et al., (2016) 

3. Electroslag weld as well as groove weld: Values calibrated to the stress strain curves obtained 

by Myers (2009) for all-weld E70 weld assemblies.   
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It is acknowledged here that direct measurements of the stress-strain response of the weld materials 

(especially the ESW welds) are not available. As a result, the parameters used in this study are best 

estimates. Moreover, anisotropy in material properties, which arise due to directionality of the 

welding, is also not considered. Finally, the constitutive properties of the Heat Affected Zones 

(HAZ) are not directly modeled. This appears to be an acceptable approach based on previous 

simulation studies by Kanvinde et al., (2008), as well as Myers et al., (2009).  

 

Fracture toughness measures used to interpret results of the CFE models  

Two types of fracture toughness demands were monitored in the models – one was the contour J-

integral, which provides a measure of the crack driving force or fracture toughness demand under 

monotonic loading, whereas the other was a continuum damage mechanics based model – 

specifically, the Stress-Weighted Damage Fracture Model – SWDFM, Smith et al., (2021) which 

is able to characterize the damage under cyclic loading and Ultra Low Cycle Fatigue (ULCF – 

Kanvinde and Deierlein, 2007) which occurs during earthquake type loading. Both these measures 

were used for the details with the ESW, which has a relatively sharp notch as shown previously. 

Only the SWDFM was used for the simulation models without the ESW (i.e., those summarized 

in Table 3.2) because these do not contain a sharp notch, and are subject to large scale yielding 

over the groove weld region. The calibration and implementation of these fracture measures is now 

described: 

1. The contour J-integral (Rice, 1968) was determined for each of the notch tips produced by the 

containment plates. The J-integral (denoted 𝐽ூ  – where the subscript denotes Mode-I crack 

opening) is an indicator of the crack driving force or fracture toughness demands produced by 
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the notch under monotonic loading. Consequently these calculations are performed only for 

the monotonic cases. Specifically, the J-integral contours are determined along multiple 

locations along the front of the notch, which extends along the length of the ESW weld. At 

each of these locations, standard procedures (implemented within ABAQUS 2020) were used 

to determine 𝐽ூ;  a total of 7 contours were used to achieve a stable value of 𝐽ூ, following best 

practices outlined by Jhunjhunwala and Kanvinde (2023). The J-integral determined in this 

manner may be converted to an equivalent stress-intensity factor 𝐾ூ, as per the relationship 

below: 

𝐾ூ ൌ ට
ா௃಺

ሺଵିఔమሻ
       (2) 

Where the term 𝜈 represents the Poisson’s ratio (taken as 0.3 for steel), and 𝐸 is the elastic 

modulus.  For the simulations conducted in this study (i.e., considering all the parameter sets), 

the value of 𝐾ூ at any location along the crack front was in the range of 45-100 𝑀𝑃𝑎√𝑚 at an 

applied equivalent interstory drift of 4%. This is lower than typical 𝐾ூ஼ values for steel base as 

well as weld materials (including ESW welds) that are in the range of 80-180 𝑀𝑃𝑎√𝑚. These, 

in turn are based on CVN material testing from the UCSD specimens (converted to equivalent 

𝐾ூ஼ values using the Barsom, 1999 correlation – as per a process outlined by Jhunjhunwala 

and Kanvinde, 2023). This preliminary comparison suggests that from a pure fracture 

mechanics standpoint, the toughness demands produced by the notch are somewhat unlikely 

to directly produce fracture under monotonic loading. This was examined more rigorously 

using a weakest link approach that determines the probability of failure of the weld considering 

that properties may vary along the length of the weld, with the weakest-link controlling. The 

approach is based on work by Beremin (1983), and Wallin 1985, synthesized by Jhunjhunwala 
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and Kanvinde (2023). As per this approach, the probability of fracture at any location along 

the crack front may be expressed as: 

𝑃௙ ൌ 1 െ exp ൜െ׬ ቀ
௄಺ሺ௫ሻି௄ౣ౟౤ 

௄బି௄ౣ౟౤ 
ቁ
ସ௅ಶೄೈ

଴
𝑑𝑥ൠ    (3) 

In the above equation 𝐾ூሺ𝑥ሻ denotes toughness demand at any location 𝑥 along the length of 

the ESW, which is denoted 𝐿ாௌௐ. The term 𝐾଴ is a parameter in the Weibull distribution and 

connotes fracture toughness with 63.2% fracture probability of exceedance, the term 𝐾୫୧୬  

refers to a lower threshold for fracture toughness. The values for these parameters were taken 

as 𝐾୫୧୬  = 20 𝑀𝑃𝑎√𝑚, 𝐾଴ = 178 𝑀𝑃𝑎√𝑚 . These are representative values based on work by 

Jhunjhunwala and Kanvinde (2023). When processed in this manner, the probabilities of 

failure (considered across all the simulations) at an interstory drift of 4% was in the range of 

0.08-10.8%. This further suggests that fracture of the detail under monotonic loading, without 

pre-accumulated damage is unlikely. In fact, experimental data from both the United States 

(Lee et al., 2016) and Taiwan (Tsai et al., 2020) appears to corroborate this, wherein fracture 

was observed only after significant cyclic loading, even if the net stress (or load) demands do 

not increase from cycle to cycle.  

2. While the J-integral is an indicator of the crack driving force (or energy release rate) ahead of 

sharp crack under monotonic loads, it is not a valid index to assess fracture under cyclic loads 

that cause Ultra Low Cycle Fatigue (ULCF - Kanvinde and Deierlein, 2007), which occurs 

under seismic loading (and the cyclic loading histories applied to the models). Continuum 

damage mechanics models have been shown to predict ULCF fracture (Kanvinde 2017, Berdin 

and Besson et al. 2004) with good accuracy. In this study, one such model, i.e., the Stress 

Weighted Damage Fracture Model (SWDFM – Smith et al. 2021) is used to assess fracture. 
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The SWDFM is based on the micromechanics of ULCF, and has been extensively validated 

against both coupon (Smith et al., 2021) and full-scale (Zhu et al., 2021) test data and unlike 

the J-integral, the SWDFM is determined at each continuum location in the vicinity of the 

notch tip, as well as over the entire joint, and is able to track the progression of damage during 

cyclic loading. Specifically, the SWDFM predicts ULCF fracture to initiate if: 

𝐷 ൌ 𝐶ୗ୛ୈ୊୑ ׬ ሺ2 expሺ1.3𝑇ሻ െ expሺെ1.3𝑇ሻሻ expሾ𝑘ୗ୛ୈ୊୑ሺ|𝑋| െ 1ሻሿ
ఌ೛
଴

𝑑𝜀௣ ൒ 1  (4) 

In the above equation 𝐷 represents the damage which must exceed unity over a material length 

scale defined by the parameter l*, usually taken as 0.1mm, based on numerous studies 

(Kanvinde and Deierlein, 2008, Ziccarelli et al., 2023). The damage is determined by 

numerically integrating the function on the right hand side of Equation (4) above that weighs 

two stress invariants – the stress triaxiality 𝑇 ൌ 𝜎௠ 𝜎௘௙௙⁄  (the ratio of the mean stress 𝜎௠ to 

the von Mises stress 𝜎௘௙௙) and the Lode parameter X over the entire loading history. The Lode 

parameter is related to 𝐽ଷ  - the third invariant of the stress tensor and  𝐽ଶ (the second invariant), 

such that 3/2
3 23 3 / (2 )X J J   , distinguishing shear stress states from axisymmetric (X = ±1) 

to plane strain (X = 0). The terms 𝐶ୗ୛ୈ୊୑ and 𝑘ୗ୛ୈ୊୑ are material parameters that must be 

calibrated to test data using coupon tests. Since such coupon data is not available for this study, 

best estimates of the 𝐶ୗ୛ୈ୊୑ and 𝑘ୗ୛ୈ୊୑ parameters are developed based on previous studies. 

For ESW welds, Tsai et al., (2020) report parameter calibration for a continuum damage 

mechanics model (the Cyclic Void Growth Model - CVGM) developed previously by 

Kanvinde and Deierlein (2007). The SWDFM is a major improvement over the CVGM 

capturing the effect of the Lode parameter which the CVGM does not (see a comparative 

analysis between the two models by Smith et al., 2021). However, an equivalence between 
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parameters may be established by equating the damage functions for both models over the 

stress histories used in the calibration tests. Such an exercise yields a value of CSWDFM = 0.907; 

this is conducted for the Heat Affected Zone (HAZ) which is determined to be the least tough 

material as per testing by Tsai et al. (2020). This is also the region where ULCF fracture 

initiates and propagates in the tests considered in this study – e.g., see Figure 2.2. Similar 

calibration studies were conducted by Myers et al., 2009 for the HAZ in toughness rated 

FCAW groove welds that reflect post-Northridge construction (e.g., see AISC 341-22). Based 

on these calibration studies the 𝐶ୗ୛ୈ୊୑ value is estimated as 0.399. The parameter 𝑘ୗ୛ୈ୊୑, 

which controls the Lode dependence, cannot be independently calibrated from these studies, 

since they all feature axisymmetric specimens for which X = 1 (i.e., there is only one value of 

X). Consequently, a characteristic value of X based on literature (Smith et al., 2021) is used in 

this study for both the FCAW and the ESW materials. The subjectivity in estimating these 

parameters is acknowledged. Nonetheless, this is deemed acceptable in the context of this study 

because: (1) the overarching aim of the study is to examine the fracture susceptibility of 

different details in relative, rather than an absolute sense, and (2) a range of fracture parameters 

(in the vicinity of the best estimates) is used to conduct a sensitivity study which is used to 

support the interpretation of results. Note that the SWDFM is monitored only for the cyclic 

simulation runs, because the damage from SWDFM is extremely low if the connection is 

loaded monotonically.  
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Table 4. 1 Material constitutive parameters 

Input Material 
Properties (Abaqus) 

Beam Column 
Continuity 

Plates 
ESW HAZ 

Yield Stress, Fy (MPa) 410 412 427 464 489 

𝑄ஶ (MPa)1 89.6 130 130 103 103 

b2 12.0 7.69 7.69 5.00 5.00 

𝐶 (MPa) 3 3376 3318 3318 1450 2140 

𝛾4 20.0 16.9 16.9 8.00 11.5 
1 Maximum possible increase in yield surface size under isotropic hardening 

2 
Parameter controlling the rate of increase of the yield surface under 

isotropic hardening with respect to equivalent plastic strain 
3 Parameter controlling linear kinematic hardening 
4 Recall term controlling the saturation value of kinematic hardening 
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Figure 4. 2  – Comparison between simulation and experimental data (a) Load deformation 
response of UCSD Test #3, (b) deformations and plastic strains at instant shown by circle 
marker (c) Load deformation response of UCSD Test #1, (c) deformations and plastic strains at 
instant shown by circle marker 
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CHAPTER 5 

 RESULTS AND DISCUSSION 

 

Figure 5.1 plots the evolution of damage one of the simulations (from Table 3.1), using the 

parameters above. Each curve represents a location through the width of the ESW weld. Within 

each curve, the plotted damage represents the damage 𝐷  as determined from Equation (4) at 

distance of l* from the notch tip in the angular direction where it is the maximum. This respects 

the SWDFM criterion including the characteristic length. While shown in Figure 5.1 for the details 

with the ESW weld (i.e., from Table 3.1), similar damage evolution plots are also generated for 

the simulations where the outside groove weld is investigated (i.e., from Table 3.2). For the ESW 

simulations, the damage is monitored at three locations along the ESW weld (these are termed 

Web, EB, and EC – see Figure 4.1) for the cases where the beam flange is less wide as compared 

to the column flange; these are distinguished by the square, triangle, and circle marker respectively 

in Figure 5.1d. When the beam flange is as wide as the column flange, damage at only two 

locations (i.e., Web and EB) are monitored. Referring to Figure 5.1c and d, the damage at EB 

locations tends to be higher than that at Web and EC. This is due to a stress concentration that 

occurs due to the out-of-plane bending of the column wall, and the discontinuity introduced by the 

edge of the beam flange. Figure 5.1c also indicates the damage corresponding to the end of the 4% 

drift loading cycles in the loading protocol. This instant in the loading history is particularly 

relevant, because the 4% drift is associated with acceptance criteria for moment connections as per 

AISC 341-22 (80% moment strength must be maintained at this value). The damage values at this 

instant are retained and denoted 𝐷ସ%
௪௘௕ for the damage at the center (i.e., in line with the web) and 

𝐷ସ%
ா஻ for damage at edge of the beam, and 𝐷ସ%

ா஼  for damage at edge of the column. Similar damage 
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evolution curves are generated for the simulations shown in Table 3.2 as well. In these, the damage 

is monitored at every location along the groove weld, and the highest value at any instant is 

recorded. Similar to the ESW simulations, damage values 𝐷ସ% are recorded for these simulations 

as well. For these simulations, the damage tends to be higher at edge of the groove weld (i.e., near 

the tip of the flange).  

 

A comparison of the 𝐷ସ% values across the various configurations provides a direct way to assess 

the fracture vulnerability of various details both in an absolute sense, and also relative to each other 

in the context of acceptance criteria for such connections. To this end, Figures 5.2a-g plot the 

damage terms 𝐷ସ%
ௐ௘௕, 𝐷ସ%

ா஻ (and 𝐷ସ%
ா஼  where applicable) against each parameter of interest shown in 

Table 3.1 (i.e., for the ESW welds). A similar figure is plotted later for the simulations in Table 

3.2. Each subfigure evaluates the effect of a single parameter. For example, Figure 5.2a plots the 

damage values 𝐷ସ% against the different types of bevel detail. The bars of similar color indicate 

configurations that are otherwise identical, except for the primary variable plotted on the horizontal 

axis; consequently, a comparison between bars of the same color isolates the effect of the primary 

variable. The points on each bar represent the damage at different locations (Web, EB and EC) for 

each of the simulation. Referring to Figures 5.2a-g, some parameters clearly have a much larger 

effect on the fracture toughness demands. Table 3.1 also includes information regarding the drift 

at which the damage first exceeds 1.0 at each location, indicating the drift at which fracture would 

initiate. Based on Table 3.1 and Figures 5.2a-g, the following observations may be made: 

 Referring to Figure 5.2a, the type of containment plate bevel detail has a major effect on the 

fracture toughness demand. Specifically, the conventional containment plate, without the 
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bevels results in damage at all locations along the flange, that is 2-5 times larger than both B1 

and B2 (i.e., the US and Taiwan bevels). Note however, that the simulations only capture the 

geometric differences between the bevels, and not material effects that may be generated due 

to different cooling rates (e.g., between bevel B1 with the shims, and B2 without). Further, the 

absolute values of the damage indicate that only the B1 and B2 conditions are even viable, i.e., 

the damage is in the neighborhood of 1. This is consistent with experimental data in the US 

(see Figure 2.2b shown earlier) which indicates the initiation of fracture in every specimen that 

has been tested in the United States, with these details.  

 An examination of the last three columns of Table 3.1 indicates that in most specimens, fracture 

initiates (i.e., the damage exceeds 1.0) for drifts in the range of 0.5% to 6% (with a median 

value of 2%). This suggests early initiation of fracture in most of the simulations. In fact, the 

only simulation where the fracture initiation drift is greater than 4.0% at all locations is 

Simulation #14 (in which the damage remains below 1.0 for the entirety of loading). In this 

simulation, the beam flange width and the column width are exactly the same. In general, this 

is difficult to achieve in practice. However, from a behavioral standpoint, this appears to be 

extremely beneficial because it prevents the out of plane bending of the column wall and 

greatly mitigates the stress concentration shown previously in Figure 5.1d. In fact, as noted in 

Figure 5.1b, this results in a uniform damage throughout the length of the ESW, which is by 

far the lowest among all the simulations. This suggests that stiffening the column flange from 

the outside, either having a wide beam flange or other details should be explored as a means 

to improve connection performance.  

 Referring to Figure 5.2b, the eccentricity of the weld bulb has a major effect on the toughness 

demands as well – i.e., an eccentric bulb (with e = 10mm) produces demand that are nearly 3-
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6 times the centered bulb. This does not consider the eccentricity of the continuity plate with 

respect to the beam flange, which (as shown by Tsai et al. 2020) has an even larger influence 

on toughness demands – indicating that alignment tolerances for both the continuity plate and 

the weld itself are critical for a successful connection detail. 

 The use of the RBS detail to reduce stress demands at the ESW also appears to be a highly 

effective strategy, such that the reduction in the ZRBS/Z from a value of 1.0 (i.e., a WUF-W 

connection) to 0.62 results in a decrease of damage values by 40-50%.  

 Three parameters have only a modest influence on fracture toughness demands. These include: 

(1) the weld access hole detail with the AWS D1.8 detail resulting in slightly lower toughness 

demand as compared to the AISC360 detail, (2) the beam depth – see Table 3.1, and (3) the 

column size – see Table 3.1. Of these, the insensitivity to column size is particularly important 

because currently, column depths in box column connections are limited to 24 inches (610 

mm), mainly because test data for larger columns does not yet exist. The simulations indicate 

that increasing the column size does not result in a significant change in fracture toughness 

demands. This provides support for larger column sizes that may reduce material costs by 

reducing plate thickness.   

In summary, the simulation results suggest that the most favorable conditions for fracture may be 

achieved through a combination of: (1) using improved bevel details, i.e., either the B1 or B2 type, 

(2) reduction of demands using RBS details, (3) maintaining strict tolerances for alignment 

between the plates and weld bulb eccentricity with respect to the plates, and (4) using beams with 

flanges that are as wide as the columns. Additionally, the use of improved weld access hole details 

is somewhat useful. It is useful to study the most favorable combination of parameters for which 

test data exists – this combination corresponds to Simulation #6 (from Table 3.1, which 
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corresponds to UCSD Test #3). For this condition, 𝐷ସ%
௪௘௕  is 0.79 and 𝐷ସ%

ா஻ is 1.8. In the context of 

these observations, it is noted that: 

 Despite favorable parameters from a geometric standpoint, the presence of the notch effect (in 

combination with the local material toughness properties) is likely to initiate ductile (or ULCF) 

type fracture at some point in the ESW, even if it does not propagate. This is consistent with 

experimental response in which all tests showed some extent of ductile initiation and 

propagation. It is noted that the transition of these ductile cracks to brittle cleavage is a random 

process (Beremin 1983), whose probability grows as the ductile crack propagates. In two out 

of the three tests conducted at UCSD, such propagation occurred.  

 It is important to note that the values of damage listed in Table 3.1, and shown in Figures 5.2a-) 

use a single set of values for the SWDFM material parameters (i.e., 𝐶ୗ୛ୈ୊୑ = 0.907, 𝑘ୗ୛ୈ୊୑ 

= 0.5) based on best estimates. To assess the sensitivity to these, Figures 5.3a and b plot the 

value of damage at 4% (for Simulation #6 – the trends for other simulations are similar), i.e., 

𝐷ସ% against the 𝐶ୗ୛ୈ୊୑ for three different values of 𝑘ୗ୛ୈ୊୑. Figure 5.3a plots the damage at 

the centerline location, whereas Figure 5.3b plots the damage at EB location. The range of 

𝐶ୗ୛ୈ୊୑ shown in these figures as well as the values of 𝑘ୗ୛ୈ୊୑ represent the typical values 

noted in literature for similar steel materials (ref Zhu et al., 2021). Also indicated in these 

figures are the values used to determine the damage values shown in Figures 5.1, 5.2 and 5.4. 

Referring to these figures, it is evident that the damage is fairly sensitive to the selection of 

material parameters. This has two implications. First, is it important to characterize local 

material properties with accuracy for effective simulation and prediction of fracture 

performance. Second, and perhaps more important is that (in addition to improvement of 

geometric parameters) the enhancement of local material toughness (e.g., through filler metal 
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selection) or weld-process modification has the potential to significantly limit the potential for 

fracture.  

The results of the simulations to examine the necessity of the continuity plate are shown in Table 

3.2 (last column) and Figure 5.4. Table 3.2 shows the value of the damage 𝐷ସ% determined for 

each of the simulations; this is the maximum value at any location along the length of the groove 

weld, i.e., the width of the beam flange. In general, the maximum damage for both the simulations 

with and without the continuity plate occurs at the edge of the beam flange. From the last column 

of Table 3.2, it is immediately apparent that the damage in configurations with the continuity plate 

is generally lower than the damage without the continuity plate. Further, it is apparent that the 

damage values for the configurations with continuity plate are lower than 1.0 (i.e., the groove weld 

is generally not susceptible to fracture) except for #17.  Figure 5.4 plots the ratio of these two 

damage values (i.e., without and with continuity plate) for each of the configurations that are 

otherwise identical. These ratios are plotted against the ratio 𝑡௖௙ 𝑡௖௙ିௐி
୅୍ୗେ⁄  which indicates how 

thick the column flange is, relative to the AISC limit (for wide-flanged beams – AISC 341-22) at 

which the continuity plate is not required. This data is plotted for the two values of the continuity 

plate thickness (i.e., 𝑡௕௙ /2 and 𝑡௕௙ ). Note that the former is the requirement for single sided 

connections as per AISC 341-22, but the latter (i.e., thicker continuity plate) is provided as an 

additional parametric variable, recognizing that the stress flow in box columns may be more 

adverse because the column web is not present behind the beam web. Referring to the figure, a 

clear trend is noted between the ratio 𝐷ସ%
௡௢ି௣௟௔௧௘  and 𝐷ସ%

௣௟௔௧௘  for all the configurations, i.e., 

combinations of beam size and continuity plate thickness (suggesting that the trend itself is 

independent of the configuration). Specifically, as the 𝑡௖௙ increases, the ratio 𝐷ସ%
௡௢ି௣௟௔௧௘/𝐷ସ%

௣௟௔௧௘ 

approaches 1.0, indicating that the continuity plate has a decreased effect on lowering the strains 
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(a value close to 1.0 indicates that the continuity plate is not needed). Interestingly the at the 

𝑡௖௙ 𝑡௖௙ିௐி
୅୍ୗେ⁄  value of 1.0, the 𝐷ସ%

௡௢ି௣௟௔௧௘/𝐷ସ%
௣௟௔௧௘ is in the range of 2.4 to 4.4. This suggests that 

criteria for the use of continuity plates in wide flanged sections may not be applicable to box 

column connections. This is not unexpected, because unlike beam-column connections with wide-

flanged columns, the box columns do not include a web directly in line with the beam web, 

resulting in a more adverse stress flow from the beam to the column flange. An examination of 

Figure 5.4 indicates that for both continuity plates with thickness 𝑡௕௙/2 (the minimum required for 

wide-flanged column connections) as well as 𝑡௕௙, the ratio 𝐷ସ%
௡௢ି௣௟௔௧௘/𝐷ସ%

௣௟௔௧௘ approaches 1.0, only 

as 𝑡௖௙ 𝑡௖௙ିௐி
୅୍ୗେ⁄  approaches 2.0. This suggests that for box column connections, the continuity plate 

requirement may need to be significantly more stringent as compared to wide-flanged column 

connections.  
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CHAPTER 6 

 SUMMARY, CONCLUSIONS AND LIMITATIONS 

 

Beam to box column connections in seismically designed SMF buildings present special 

challenges that are not encountered in wide flanged column connections. These arise from the need 

to weld the continuity plate to all four sides of the box column from the inside. Electroslag welding 

is commonly used to weld the fourth side of the continuity plate after the column box is closed. 

The ESW process requires containment plates that create stress concentrations, and also results in 

lower toughness material due to high heat input. A combination of these factors raises concerns 

about the seismic performance of these connections, and places significant limitations on their use. 

However, due to the design economies provided by box columns, there is professional motivation 

to engineer box column to beam details that provide satisfactory seismic performance. Thus far, 

the experimental performance of these connections has been mixed, such that guidance for 

designing and fabricating prequalified or prescriptive connection details does not yet exist. 

Developing such guidance requires the synthesis of experimental as well computational research, 

professional insights, and development of weld procedure and fabrication techniques.  

Within this overall context, the main objective of this study is to present results of a finite-element 

based parametric study that examines the relationship between configuration or geometric 

parameters that can be controlled in design, and fracture toughness demands. Two sets of 

simulations are conducted – one set investigates the effect of various parameters on toughness 

demands in the ESW detail, whereas the second set examines under what conditions it may be 

feasible to avoid the continuity plate (and the associated problems) altogether. A continuum 

damage mechanics based fracture index (i.e., the Stress Weighted Damage Fracture Model – 
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SWDFM) is used an indicator of ULCF-induced damage, and the potential for fracture.  The main 

insights from the simulations with the ESW welds include the following: 

 In terms of design variables, using an improved bevel detail, and utilizing a Reduced Beam 

Section (RBS) detail significantly reduces the fracture toughness demands. Additionally, 

specifying a column width equal to the beam flange width has the greatest potential for 

reducing demands because this minimizes out of plane bending of the column wall plate. 

However, this may not be feasible in a practical setting.  

 The eccentricity of the weld bulb has a major, adverse effect on the fracture toughness 

demands; this is because the notch size increase as the weld bulb moves to one side. A similar 

dependency on the eccentricity between the continuity plate and the beam flange was noted 

previously by Tsai et al., (2020). The implication is that weld tolerances are especially 

important in ESW welds in seismic box-column connections.  

 Some variables (the weld access hole configuration, as well as beam and column size) were 

found to have only a minimal effect on fracture toughness demands. Of these, the insensitivity 

to column size has important design implications because current guidelines limit both the 

beam and column size.  

 The damage is also highly sensitive to the assumed fracture toughness capacity, indicating that 

improvement of welding processes and materials will have a significant impact on connection 

performance.  

The key finding from the simulations without the continuity plate is that current guidelines for the 

use of continuity plates (based on the flange thickness of wide-flanged columns) may be 

inapplicable to box columns; this is attributed to the absence of the column web in line with the 

beam web which results in an adverse stress flow from beam to column. The simulations suggest 
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that using a column thickness limit two times as large as the current limit for wide-flanged sections 

may result in acceptable performance, i.e., damage comparable to connections with a continuity 

plate.  

 

It is important to interpret the results of this study in the context of its limitations, which are 

numerous. First, this is a finite element based parametric study, and this results in significant 

idealizations about geometric tolerances and imperfections – for example, the representation of the 

containment plate notch as a sharp crack. The material properties (particularly the fracture 

toughness properties) are only estimates based on published literature, rather than direct 

measurements of these properties – although this is addressed to an extent through a sensitivity 

study. In this regard, some effects are not modeled – e.g., the effect of shim plates (as in bevel B2) 

is modeled only in terms or geometry, but not its effect on material properties. However, variations 

in material microstructure over small scales and even slight variation in the locations of these 

microstructures with respect to local stress concentrators such as the notches may result in 

significantly difficult results. Additionally, the continuum damage mechanics based model to 

represent ULCF itself is prone to a degree of error, both in calibration, as well as in application, 

owing to effects such as mesh sensitivity of near-tip crack fields. In light of these limitations, 

possibly the most useful interpretation of the results is in a relative sense, wherein the fracture 

susceptibility of different configurations may be assessed relative to one another, rather than in an 

absolute sense (e.g., the estimated drift or deformation at fracture). The expectation is that such 

relative assessments, and the qualitative insights provided by this study will support further 

development of experimental specimen configurations, as well as weld processes and materials 

that ultimately result in greater confidence in these connections.   
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NOMENCLATURE 

 

a, b, c - Dimensions of RBS 

b 
- Parameter controlling the rate of increase of the yield surface 

under isotropic hardening with respect to equivalent plastic 
strain 

𝑏௕௙  - Beam flange width 

𝑏௖௙  - Column flange width 

𝑏௖௪  - Column web width 

𝐶  - Parameter controlling linear kinematic hardening 

𝐶ୗ୛ୈ୊୑  - Material parameter calibrated using coupon tests for SWDFM 

𝐷  - Damage 

𝐷ସ%  - Damage corresponding to the end of the 4% drift loading cycles 

𝐷ସ%
௪௘௕  - 𝐷ସ% at the center (i.e., in line with the web) 

𝐷ସ%
ா஻  - 𝐷ସ% at edge of the beam 

𝐷ସ%
ா஼   - 𝐷ସ% at edge of the column 

𝐷ସ%
௣௟௔௧௘  - 𝐷ସ% when there are continuity plates 

𝐷ସ%
௡௢ି௣௟௔௧௘ - 𝐷ସ% when there is no continuity plate 

e - Eccentricity of ESW 

𝐸  - Elastic modulus 

Fy - Yield stress 

𝐹௬௕  - Expected yield strengths of the beam 

𝐹௬௖  - Expected yield strengths of the column 

𝐽ூ  - J-integral (Rice, 1968) 
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𝐽ଶ  - Second invariant of the stress tensor 

𝐽ଷ  - Third invariant of the stress tensor 

𝑘ୗ୛ୈ୊୑  - Material parameter calibrated using coupon tests for SWDFM 

𝐾ூ  - Stress-intensity factor 

𝐾ூሺ𝑥ሻ  - Toughness demand at any location 𝑥 along the length of the 
ESW 

𝐾଴  - Parameter in the Weibull distribution and connotes fracture 
toughness with 63.2% fracture probability of exceedance 

𝐾୫୧୬   - Lower threshold for fracture toughness 

l* - Characteristic length 

𝐿ாௌௐ  - Length of the ESW 

𝑃௙  - Probability of fracture at any location along the crack front 

𝑄ஶ  
- Maximum possible increase in yield surface size under isotropic 

hardening 

𝑡௕௙  - Beam flange thickness 

𝑡௖௙  - Column thickness 

𝑡௣  - Continuity plate thickness 

𝑡௖௙ିௐி
୅୍ୗେ   - Requirement for W-section column that AISC 341-22 indicate 

continuity plates are required unless the column flange thickness 

is greater than the 𝑡௖௙
୅୍ୗେ 

𝑇  - Stress triaxialityൌ 𝜎௠ 𝜎௘௙௙⁄  

𝑋  - Lode parameter 

𝑍ோ஻ௌ  - Plastic section modulus of RBS 

𝑍௑  - Plastic section modulus of WUF-W 

𝛾  
- Recall term controlling the saturation value of kinematic 

hardening 
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𝜀௣ - Equivalent plastic strain, PEEQ

𝜈  - Poisson’s ratio

𝜎௠  - Mean stress

𝜎௘௙௙  - Von Mises stress
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Loading sequence 
- In addition to the loading sequence according to AISC341-16, two cycles of 0.05 rad and 

0.06 rad were loaded. 
- The time increment values were 0.001s at the beginning, 6.8E-7s at the minimum, and 0.1s at 

the maximum. 
 

 
Fig A. 1 Loading Sequence 

 
 

Overview of specimen (column length and beam length) Boundary conditions 
 

 
Fig A. 2 Column and Beam length and Boundary conditions 
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Element type 
- The model consists only of solid elements. Twenty-node quadratic brick elements (C3D20*) 

were used near the connection (middle of column, ESW, beam end to RBS) with large 
deformation, and eight-node linear brick reduced-integration elements (C3D8R*) were used 
at other locations with small deformation.  

* The name used in Abaqus 2020 
 
Global model and submodel 
- There are Global model and submodel (The analyses of Issue 3 don’t have submodel) 
- The boundary condition of submodel is global model’s results. 
- For the stability of analysis, The edge of slit is finer and have tie constraint to outer side. 
 
Nonlinear material properties 
 

Table A. 1 Nonlinear material properties 
Input Material Properties 

(Abaqus) 
Beam Column 

Continuity 
Plates 

ESW HAZ 

Yield Stress, Fy (MPa) 410 412 427 464 489 

𝑄ஶ (MPa) 89.6 130 130 103 103 

b 12.0 7.69 7.69 5.00 5.00 

𝐶 (MPa) 3376 3318 3318 1450 2140 

𝛾 20.0 16.9 16.9 8.00 11.5 

𝑄ஶ Maximum possible increase in yield surface size under isotropic hardening 

b 
Parameter controlling the rate of increase of the yield surface under isotropic 

hardening with respect to equivalent plastic strain 

𝐶 Parameter controlling linear kinematic hardening 

𝛾 Recall term controlling the saturation value of kinematic hardening 

Model: 

𝛼ሶ ൌ
𝐶
𝜎௢

ሺ𝜎 െ 𝛼ሻ𝜀ሶ௣௟ െ 𝛾𝛼𝜀ሶ௣௟ 
𝜎௢ ൌ 𝜎௢|଴ ൅ 𝑄ஶ ቀ1 െ 𝑒ି௕ఌ

೛೗
ቁ 

 
Software 
- Abaqus 2020 
 
  



Appendix: Detail of Analyses 
 

56 
 

List of simulations 
- The global model of Simulation 15 is used for simulation of specimen 1(2)  
- The global model of Simulation 6(9) is used for simulation of specimen 3 
 

Table A. 2 Simulation Matrix for Column Connections with the Internal Continuity Plate 
and ESW 

# Column 
Beam 

Section 
Access 
Hole 

ZRBS/ 
ZX 

Conta-
inment 
Plate 

Ecce-
ntri-
city 

bbf/ 
bcf 

Drift when D>1 
(%) 

Web BE CC 

1 610x914 W36x302 AWS D1.8 1.0 1 S e=0 0.70 0.75 - - 

2 610x914 W36x302 AWS D1.8 1.0 1 B1 e=0 0.70 3.00 1.00 - 

3 610x914 W36x302 AWS D1.8 1.0 1 S e=10 0.70 0.50 - - 

4 610x914 W36x302 AWS D1.8 1.0 1 B1 e=10 0.70 0.75 - - 

5 610x914 W36x302 AWS D1.8 0.76 B1 e=0 0.70 4.00 - - 

6 610x914 W36x302 AWS D1.8 0.62 B1 e=0 0.70 5.00 1.50 - 

7 610x914 W36x302 AISC360 1.0 1 B1 e=0 0.70 2.00 - - 

8 610x914 W27x368 AWS D1.8 1.0 1 B1 e=0 0.74 2.00 1.00 - 

9 610x914 W27x368 AWS D1.8 1.0 1 S e=0 0.74 0.75 - - 

10 610x914 W27x368 AISC360 1.0 1 B1 e=0 0.74 2.00 - - 

11 610x914 W36x302 AWS D1.8 1.0 1 B2 e=0 0.70 2.00 - - 

12 610x914 W36x302 AISC360 0.76 S e=0 0.70 - - - 

Unit: mm, tcf =50.8, 1: WUF-W 
 
- Since the fractures near the ESW were observed in specimens, the simulations without tie 

constraint between column and continuity plate were added. 
 

Table A. 3 Study for the simulation of specimens 
# Column Beam 

Section 
Access 
Hole 

ZRBS/ZX Bevel Eccent-
ricity 

Loca-
tion 

 CP Tie 
Constraint 

6-2 610x914 W36x302 AWS D1.8 0.62 B1 *1 *1 No 

12-2 610x914 W36x302 AISC360 0.76 S *1 *1 No 

*1) Only for simulation for specimen 1(2) and 3 so they don’t have submodel 
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WUF-W RBS1 (ZRBS/ZX=0.76) RBS2 (ZRBS/ZX=0.62) 
Fig A. 3 WUF-F and RBS 

 

 
Fig A. 4 Definition of length a, b and c of RBS 

 
Table A. 4 Dimensions of RBS 

 a (in.) b (in.) c (in.) c/bf ZRBS/ZX 
RBS1 (Specimen 1(2)) 8.375 24.25 2.625 0.157 0.76 

RBS2 (Specimen 3) 8.735 30.00 4.125 0.247 0.62 
 

  

a b 

c 
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Length = 1.5” (AISC360) Length = 5.0” (AWS D1.8) 
Fig A. 5 Access Hole 

 

  
 

S (unit: inch) B1 (unit: inch) B2 (unit: mm) 
Fig A. 6 Bevel 

 

 
Fig A. 7 How to determine the areas of ESW and HAZ 
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Eccentricity = 0.4” as observed in specimen 2 

 
No Eccentricity model 

 
Off center (Eccentricity = 0.4”) model 

Fig A. 8 Eccentricity. When eccentricity is considered in analysis, longer slit is modeled. 
 

 

 

Global model Submodel 
Fig A. 9 Global model and submodel 
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tip of slit Inside the tie constraint (Finer mesh) 

Fig A. 10 Detail of submodel 
 

 
 

Overview tip of slit 
Fig A. 11 Boundary conditions of submodel (Global model’s displacement) 

 

 
Fig A. 12 Location of submodel 

Tie Constraint 
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Issue 1: Column depth study 

Table A. 5 Column depth study 

# Column 
Beam 

Section 
Access 
Hole 

ZRBS/ 
ZX 

Conta-
inment 
Plate 

Ecce-
ntri-
city 

bbf/ 
bcf 

Drift when D>1 
(%) 

Web BE CC 

13 610x610 W36x302 AWS D1.8 0.62 B1 e=0 0.70 6.00 2.00 -

14 432x914 W36x302 AWS D1.8 0.62 B1 e=0 1.0 D<1 D<1 -

15 762x914 W36x302 AWS D1.8 0.62 B1 e=0 0.56 4.00 2.00 5.00 

Unit: mm, tcf =50.8, 1: WUF-W 

Depth = 3” (Part A, Simulation #6) Depth = 2” (Issue1-1 and 1-2) 
Fig A. 13 The difference between Part A and Issue 1 

Issue 2: Column width study 

Table A. 6 Column width study 

# Column 
Beam

Section 
Access 
Hole 

ZRBS/ 
ZX 

Conta-
inment 
Plate 

Ecce-
ntri-
city 

bbf/ 
bcf 

Drift when D>1 
(%) 

Web BE CC 

15 762x914 W36x302 AWS D1.8 0.62 B1 e=0 0.56 4.00 2.00 5.00 

Unit: mm, tcf =50.8, 1: WUF-W 

Width=17.6” 
(Issue 2-1 and 2-2) 

Width=2’ (24”) 
(Issue 1-1 and 1-2) 

Width=30” 
(Issue 2-3, 2-4 and 2-5) 

Fig A. 14 The plan of Issue 2 

Issue 3: Column thickness and without continuity plate study 
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Table A. 7 Simulation Matrix for Examining the Necessity of the Continuity Plate, 
Depending on the Column Wall Thickness and Other Factors 

# tcf 
Beam 

Section 
bbf tp/tbf 

Contain-
ment 
Plate 

𝑡௖௙
𝑡௖௙ିௐி
୅୍ୗେ  𝐷ସ% 

16 50.8 W36x302 427 1.0 B1 0.71 0.76 

17 50.8 W36x302 427 0.52 B1 0.71 1.92 

18 50.8 W36x302 427 - w/o 0.71 54 

19 76.2 W36x302 427 1.0 B1 1.06 0.68 

20 76.2 W36x302 427 0.52 B1 1.06 0.93 

21 76.2 W36x302 427 - w/o 1.06 2.25 

22 127 W36x302 427 1.0 B1 1.76 0.45 

23 127 W36x302 427 0.52 B1 1.76 0.49 

24 127 W36x302 427 - w/o 1.76 0.59 

25 50.8 W27x368 630 1.0 B1 0.62 0.67 

26 50.8 W27x368 630 0.50 B1 0.62 1.33 

27 50.8 W27x368 630 - w/o 0.62 5.8 

28 76.2 W27x368 630 1.0 B1 0.93 0.48 

29 76.2 W27x368 630 0.50 B1 0.93 0.64 

30 76.2 W27x368 630 - w/o 0.93 2.13 

31 127 W27x368 630 1.0 B1 1.55 0.37 

32 127 W27x368 630 0.50 B1 1.55 0.40 

33 127 W27x368 630 - w/o 1.55 0.54 

34 102 W36x302 427 1.0 B1 1.41 0.53 

35 102 W36x302 427 0.52 B1 1.41 0.60 

36 102 W36x302 427 - w/o 1.41 0.97 

37 152 W36x302 427 1.0 B1 2.12 0.39 

38 152 W36x302 427 0.52 B1 2.12 0.40 

39 152 W36x302 427 - w/o 2.12 0.43 
Unit: mm, Column:610x610,Access hole: AWS D1.8, RBS: ZRBS/ZX =0.62, Eccentricity e=0 

𝑡𝑐𝑓
AISC ൌ max ሺ0.4ඨ1.8𝑏𝑏𝑓𝑡𝑏𝑓

𝐹𝑦𝑏
𝐹𝑦𝑐

,
𝑏𝑏𝑓
6
ሻ 
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Fig A. 15 Weld of lower beam flange geometry and mesh (Issue 3) 
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Column thickness = 2” Column thickness = 3” 

  
Column thickness = 4” Column thickness = 5” 

Fig A. 16 Criteria check for w/o CP of Issue 3 (ANSI/AISC 358) 
 
 
Abaqus .inp file on GitHub 
https://github.com/HiroshiYasumoto/ESW_Fracture_FEM 
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Simulation 1  

 

 

Global model Submodel 

 
 

Final state of global model (PEEQ) Load-displacement 
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Simulation 1 cont.  
 

 
Element 5 and max (1~8) 

 

Final state of submodel (PEEQ) PEEQ 
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Simulation 2  

 

 

Global model Submodel 

 
  

Final state of global model (PEEQ) Load-displacement 
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Simulation 2 cont. (Center)  
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Simulation 2 cont.  
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Simulation 3  

 

 

Global model Submodel 
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Simulation 3 cont.  
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Simulation 13  

 

 

Global model Submodel 

 
 

Final state of global model (PEEQ) Load-displacement  
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Simulation 13 cont.  

 
 

Element 5 and max (1~8) 

  

Final state of submodel (PEEQ) PEEQ 

  
Damage Triaxiality 
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Simulation 13 cont.  

 
 

Element 5 and max (1~8) 
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Simulation 14  

 

 

Global model Submodel 

 
 

Final state of global model (PEEQ) Load-displacement  
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Simulation 14 cont.  
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Simulation 14 cont.  
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Simulation 15  

 

 

Global model Submodel 

 
 

Final state of global model (PEEQ) Load-displacement 
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Simulation 15 cont.  

 
 

Element 5 and max (1~8) 

  

Final state of submodel (PEEQ) PEEQ 
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Simulation 15 cont.  

 
 

Element 5 and max (1~8) 
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Simulation 15 cont.  

 
 

Element 5 and max (1~8) 

  

Final state of submodel (PEEQ) PEEQ 
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Simulation 16  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 16 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 17  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 17 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 18  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 18 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 19  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 19 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 20  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 20 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 21  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 21 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 

 
  



Appendix: Detail of Analyses 
 

115 
 

Simulation 22  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 22 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 23  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 23 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 24  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 24 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 25  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 25 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 26  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 26 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 27  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 27 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 28  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 28 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 29  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 29 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 30  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 30 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 31  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 31 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 32  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 32 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 33  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 33 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 34  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 34 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 35  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 35 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 36  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 36 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 37  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 37 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 38  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 38 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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Simulation 39  

 

 

Global model Final state of global model (PEEQ) 
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Simulation 39 cont.  

  

 

Edge Center  
PEEQ at R=0.04 rad 

  

 

Edge Center  
Damage at R=0.04 rad 

  

 

Edge Center  
Triaxiality at R=0.04 rad (Time =133s, flange in tension) 
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