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Abstract9

Current steel design codes primarily adopt member-based resistance factors, which could10

lead to overly conservative or inefficient designs for structural systems. This study investigates the11

reliability of steel joists to develop system-based resistance factors that better reflect real structural12

behavior. Using advanced statistical techniques, Latin hypercube sampling, and structural reliability13

methods, the influence of various uncertainties on the performance of these systems were evaluated.14

Sensitivity studies assess the impact of material properties, and geometric imperfections on system15

stability. The results provide target reliability indices and system-based resistance factors, which16

can enhance design efficiency while maintaining safety. This research is supported by collaborations17

with the Steel Joist Institute and the Steel Deck Institute, ensuring that the findings are aligned18

with industry needs. The proposed system-based resistance factors will contribute to the refinement19

of design provisions in steel construction codes, offering cost-effective and structurally optimized20

solutions. Ultimately, this study bridges the gap between theoretical reliability assessment and21

practical engineering applications, facilitating more efficient and reliable steel structures.22
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1. Introduction212

Steel joists are widely used in structural engineering due to their e�ciency, lightweight213

nature, and high load-carrying capacity. The design of reliable structures requires comprehensive214

knowledge of material behavior, robust predictive models, identi�cation of possible failure modes,215

and rigorous reliability assessment. This study integrates �nite element modeling, statistical analyses,216

and sensitivity studies to evaluate the performance of steel joists under realistic conditions, ensuring217

structural safety and e�cient material use in high-performance applications.218

The primary objective of this study is to establish system-based resistance factors and219

target reliability indices that better re�ect the true behavior of steel joists. Current design codes220

predominantly rely on member-based resistance factors, which may not fully capture the interaction221

e�ects, system-level dependencies and more importantly the redundancy in the systems (Galambos,222

[4] and Hendawi, S. and Frangopol, D. M. [5]). By leveraging advanced computational models223

and probabilistic methods, this study aims to provide insights into joist reliability and proposes224

adjustments to design methodologies to improve structural e�ciency and safety.225

The research methodology involves stochastic input generation, �nite element modeling226

(FEM) using shell and beam elements, and nonlinear second-order analyses to accurately capture227

failure modes. Stochastic variables for material properties, cross-section dimensions, and weld228

lengths are generated using the Latin Hypercube Sampling method, based on collected data from229

manufacturing plants. These randomized datasets are then used to drive �nite element analyses for230

di�erent failure scenarios.231

Detailed computational models (FEM) are employed to simulate stress distributions and232
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predict failure onset across the structure. Both beam and shell element models are utilized for233

validation purposes. The study examines multiple potential failure modes, including chord and234

web buckling, to determine the critical conditions for system integrity. A signi�cant aspect of this235

research is its focused investigation into the resistance (' ) component of the reliability equation. To236

demonstrate how the results of this resistance-focused analysis can be translated into engineering237

practice, the framework of AISI S100 [6] Chapter K is employed to calculate speci�c resistance238

factors (q) across a range of target reliability indices (V>). This approach not only quanti�es the239

inherent variability of the joist capacity but also provides a clear methodology for integrating these240

probabilistic �ndings into standardized design procedures. By merging high-�delity simulations241

with stochastic calibration, this study extends conventional deterministic methods into a probabilistic242

domain to enhance the robustness and e�ciency of steel joist design.243
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2. Input Variables244

In reliability analyses of structural systems, accurately characterizing input variables is245

essential for generating realistic stochastic models. This chapter presents the statistical evaluation of246

key input parameters used in the analyses, including material properties, cross-sectional dimensions,247

and weld lengths. The data were collected from various sources, normalized by their nominal248

values, and �tted to appropriate probability distributions to ensure consistency across di�erent design249

scenarios. The selection of the best-�t distributions was based on empirical data and statistical �tting250

methods, with distribution parameters provided for each dataset. The following sections detail the251

statistical distributions of material properties for cold-formed and hot-rolled steel sections, cross-252

sectional imperfection measurements, and weld length variations, along with the rationale behind253

their selection.254

The �gures related to data distributions in this section consist of two subplots. The upper255

plot presents a histogram of the data along with the probability density function (PDF) of the �tted256

distribution, while the lower plot shows the cumulative distribution function (CDF) of the data and257

the empirical cumulative distribution function (ECDF) of the �tted distribution. The ECDF is an258

empirical measure of this probability based on observed data points.259

The best-�t distributions were determined for each variable, including types such as Lognor-260

mal, Burr, Stable, and Generalized Extreme Value (GEV). Since these distributions are characterized261

by di�erent mathematical parameters, a uni�ed four-column structure is used in Table 2.2 to present262

the results consistently.263

In this structure, the parameters are categorized based on their functional roles: the �rst264
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column represents Location, the second represents Scale, and the third and fourth columns provide265

Shape 1 and Shape 2 parameters, respectively. For example, while the Lognormal distribution is266

de�ned by mean (location) and standard deviation (scale), the GEV distribution includes an additional267

shape parameter (: ) in the third column. Similarly, more complex distributions like Burr or Stable268

utilize the remaining columns to provide their speci�c shape or stability factors.269

This organized approach ensures that all probabilistic inputs are clearly documented re-270

gardless of their distribution type. Table 2.2 provides the complete list of �tted parameters, while271

Table 2.4 summarizes the minimum and maximum ratios observed in the data after �ltration. Fur-272

thermore, Table 2.3 presents the equivalent mean and standard deviation values derived from these273

distributions. These values are provided to facilitate a direct comparison with conventional structural274

design assumptions and to o�er a simpli�ed statistical overview of the data's central tendency and275

dispersion, even when the underlying distribution is non-Gaussian.276

2.1. Material Properties277

Joists are manufactured using Cold Formed Steel (CFS) and Hot Rolled Steel (HRS)278

sections. Tensile test results conducted by SJI member companies' plants for both HRS and CFS279

were randomly collected, analyzed, and �tted to distributions for random variable input generation.280

A nominal yield strength of 50 ksi was assumed for design purposes in the SJI joist designs; therefore,281

tensile test results for 50 ksi sections were speci�cally collected from SJI member companies. Despite282

focusing on 50 ksi material, the dataset includes various grades of both CFS and HRS sections, with283

their nominal ultimate stresses provided in Table 2.1. The ratios of measured values to nominal values284

for both yield stress and ultimate stresses were calculated.285
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Table 2.1: Material grades and nominal ultimate stresses

CFS HRS

Grade A1018 A1011
A529-

A529NM
A572 A992 A500

� D (ksi) 65 65 70 65 58 65

Figure 2.1: Yield stress distribution for CFS sections

2.1.1 Cold Formed Steel Material Data286

The combined tensile test data, collected from di�erent manufacturers, consists of 265287

tensile test results. Figure 2.1 shows the histogram and best �t distribution of the collected data for288

CFS sections tensile test yield strength results. While there is a high dispersion in the collected data, a289

clear distribution �tting was achieved despite a small data concentration of data between ratios of 1.4290

and 1.5. The best �t was obtained using Frechet distribution. Also Figure 2.2 shows the histogram291

and best �t distributions for ultimate stress data.292
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Figure 2.2: Ultimate stress distribution for CFS sections

2.1.2 Hot Rolled Steel Material Data293

Figure 2.3 shows the distribution of 389 HRS tensile test data for yield strength. Compared294

to CFS material, the mean and the dispersion are smaller, and the Burr distribution was determined295

as the best �t for the collected data. The histogram and the best �t distribution for ultimate stress data296

is provided in Figure 2.4.297

2.2. Cross-Sectional Properties298

Hot-rolled steel (HRS) and cold-formed steel (CFS) angle and channel sections were ran-299

domly selected to generate cross-sectional imperfection data. SJI member companies collected300

cross-sectional measurements in varying quantities for the speci�ed section types (HRS angle, CFS301
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Figure 2.3: Yield stress distribution for HRS sections

Figure 2.4: Ultimate stress distribution for HRS sections
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Figure 2.5: Left: HRS angle section, Middle: CFS angle section, Right:CFS channel section

angle, and CFS channel), as illustrated in Figure 2.5.302

For angle sections, there are four thickness measurements per section which are from both303

heel (T1H and T2H) and toe (T1 and T2) ends of each leg, along with two leg length measurements304

(L1 and L2). For channel sections, toe and heel widths were measured (Width t and Width h,305

respectively), whereas for angle sections, the forming angle between legs was recorded to evaluate306

forming performance and accurately model the sections. To eliminate sectional di�erences, the307

same normalization method is used for cross-sectional imperfections, with lengths and thicknesses308

normalized by their nominal values.309

2.2.1 HRS Angle Section Data310

HRS sections are expected to have high consistency in cross-sectional dimensions due to311

the manufacturing methods. This high consistency creates additional challenges for distribution312

�tting due to very small margins or high repetitions in the data. An example to this is the forming313

angle between legs of HRS angle sections predominantly includes data between 89.5 to 90.5, with314

the majority of measurements being 90 degrees. Consequently, it was not feasible to generate a315

distribution �tting for that speci�c data.316

20



Figure 2.6: Distributions for HRS angle leg size

Another challenging dataset is the HRS angle leg sizes. While the variations are slightly317

larger than those observed in the forming angles, a signi�cant portion of the data has a ratio of 1,318

creating a distinct peak at this value, as illustrated in Figure 2.6. Despite the challenges, the lognormal319

distribution was determined to be the best representation of the data.320

The HRS thickness data, on the other hand, shows a clear distribution and a high concen-321

tration around the ratio of 1, as expected. Although using high degree functions in distribution �tting322

can lead to over�tting problem, this study relies on actual data collected from joist plants, making323

such functions applicable for a more accurate �t. In this case, the Stable distribution was selected as324

the best �t for HRS thickness data as shown in Figure 2.7.325
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Figure 2.7: Distributions for HRS angle leg thickness values

2.2.2 CFS Angle and Channel Section Data326

Measurements were completed for both CFS channel and angle sections in SJI manufactur-327

ing plants. Given that the forming of both section types are made by steel sheets, the thickness and328

leg size data showed similar distributions. Therefore, rather than applying separate distributions for329

thickness and leg size inputs, the data for each dimension was combined into two groups: CFS leg330

sizes and CFS thicknesses. The same distributions were used for both channel and angle sections.331

Both leg size and thickness histograms and �tted distributions are given in Figures 2.8 and 2.9.332

CFS angle forming angle data shows similarity to HRS angle section forming angle data,333

making distribution �tting unfeasible. However, forming of CFS channel sections were included in334

analyses by including di�erent width values for toe and heel ends of channels. Di�erent distributions335

were applied to heel and toe widths, and channel cross-sections were generated based on these336

distributions at each step of the analysis.337
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Figure 2.8: Distributions for CFS angle leg size

Figure 2.9: Distributions for CFS angle leg thickness values
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Figure 2.10: Distributions for CFS channel section heel width data

Figure 2.11: Distributions for CFS channel section toe width data
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2.3. Weld Lengths338

Another selected variable for random inputs is web weld lengths. The �rst six webs were339

considered, and weld lengths were measured from both sides of joists and both ends of the webs (top340

and bottom chord ends). Locations and names of the selected webs are shown in Figure 2.12. A341

�ltration was applied to data to eliminate misentered inputs. The limits for this �ltration was de�ned342

as 0.5 to 4 in ratios.343

Weld lengths di�erentiates at every joist designs and at every web member. Ratio of mea-344

sured weld lengths to the nominal weld length were used to eliminate these di�erences between345

di�erent joist designs. After analyzing each web separately and generating their respective distribu-346

tions, similar web weld length data were grouped together, reducing the total number of categories347

from six to three. The �nal groupings are as follows:348

ˆ W webs group (Combined data from W3, W4 and W5 web weld length data),349

ˆ W2 webs group (only the data includes the �rst webs),350

ˆ Vertical webs group (D2 and V1 webs).351

The Frechet distribution was determined to be the best �t for each of these groups. More352

details, including distribution parameters and visualizations, are provided in this section.353

Figure 2.12: Webs that are used to measure the weld length at both ends and both sides of webs
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2.3.1 W Webs Welds354

This weld length data is a combined data coming from three di�erent webs; W3, W4 and W5355

webs. While the distribution �tting provides a single representation of these weld lengths, separately356

generated ratios were applied to each web in the analyses, ensuring independent random values for357

each case (uncorrelated).358

Figure 2.13: Distributions for W webs weld length data

2.3.2 W2 Webs Welds359

The �rst web weld length data was analyzed separately from other web groups due to its360

distinct distribution and the importance of the �rst web given that one of the failure mode speci�cally361

focused on this member. The range is similar to the vertical web group but it is considerably larger362

than the W webs group.363
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Figure 2.14: Distributions for W2 web weld length data

2.3.3 Vertical Webs Welds364

The vertical webs group is the combination of weld length data from D2 and V1 webs.365

This group has the widest range among all web categories and has the highest mean ratio value. Its366

variability is greater compared to the W and W2 web groups, requiring a distinct distribution �tting367

for accurate representation in the analyses.368

2.4. Material Models369

In previous studies, it has been shown that CFS and HRS sections exhibit di�erent material370

behaviors. Since nonlinear second-order analysis was used in this study, the nonlinear behavior371

of these sections were explicitly de�ned in ABAQUS. Models were generated based on the given372
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Figure 2.15: Distributions for vertical webs weld length data

Table 2.2: Distribution types and calculated parameters of collected data

Collected Data
Distribution

Type

Location
/ Mean

(` )

Scale /
St. Dev.

(f )
Shape 1 Shape 2

# of
Data

HRS Yield Stress Burr - 1.098 52.059 0.497 389
CFS Yield Stress Frechet 1.181 0.095 0.011 - 265
HRS Ult. Stress Lognormal 0.114 0.059 - - 389
CFS Ult. Stress Lognormal 0.140 0.096 - - 265
HRS Leg Size Lognormal 0.0006 0.011 - - 377
HRS Thickness Stable 1.584 0.675 0.016 1.005 740
CFS Leg Size Burr - 1.015 60.029 0.711 365
CFS Thickness Frechet 0.980 0.023 0.089 - 717

CFS Ch. Heel W. Burr - 0.985 58.576 0.675 89
CFS Ch. Toe W. Frechet 1.0008 0.031 0.038 - 88

W Webs WL Frechet 1.241 0.267 0.106 - 4163
W2 Webs WL Frechet 1.407 0.414 0.141 - 1380

Vert. Webs WL Frechet 1.613 0.458 0.048 - 2725
Abbreviations: Ult: Ultimate, WL: Weld Length, W: Width
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Table 2.3: Theoretical mean and standard deviation values derived from the �tted probability distri-
butions

Collected Data Distribution Type Mean
Standard
Deviation

Number of
Data

HRS Yield Stress Burr Dist. 1.129 0.173 389
CFS Yield Stress Frechet Dist. 1.237 0.124 265

HRS Ultimate Stress Lognormal Dist. 1.122 0.067 389
CFS Ultimate Stress Lognormal Dist. 1.156 0.111 265

HRS Leg Size Lognormal Dist. 1.001 0.011 377
HRS Thickness Stable Dist. 1.005 - 740
CFS Leg Size Burr Dist. 1.015 0.142 365
CFS Thickness Frechet Dist. 0.980 0.033 717

CFS Ch. Heel Width Burr Dist. 0.985 0.141 89
CFS Ch. Toe Width Frechet Dist. 1.020 0.042 88

W Webs Weld Length Frechet Dist. 1.427 0.402 4163
W2 Webs Weld Length Frechet Dist. 1.712 0.666 1380

Vert. Webs Weld Length Frechet Dist. 1.900 0.629 2725

Table 2.4: Minimum and maximum ratios for collected data

Collected Data Minimum Ratio Maximum Ratio

HRS Yield Stress 1.000 1.542
CFS Yield Stress 1.023 1.594

HRS Ultimate Stress 0.974 1.352
CFS Ultimate Stress 0.935 1.408

HRS Leg Size 0.958 1.062
HRS Thickness 0.869 1.184
CFS Leg Size 0.844 1.197
CFS Thickness 0.936 1.184

CFS Ch. Heel Width 0.911 1.182
CFS Ch. Toe Width 0.953 1.143

W Webs Weld Length 0.625 3.600
W2 Webs Weld Length 0.571 4.000

Vert. Webs Weld Length 0.578 4.000

formulations in literature for preferred material models and updated by using randomly generated373

yield and ultimate stresses at every analysis. Consequently, each analysis featured di�erent material374
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models for each chord and each web member according to the section type. It should also be noted375

that the members with same sections have the same material properties in each model (they are376

correlated) since that the same sections are most likely be coming from the same batch.377

The nominal modulus of elasticity values were set as 29,000 ksi for HRS materials ([7]) and378

29,500 ksi for CFS materials [6]. Additionally, since ABAQUS uses true stress - true strain behavior,379

the created material models were also converted to the true stress - true strain values before starting380

the analysis.381

Material models allow modifying the� H and � D values along with theE value. These382

models then calculate the strains and the predictive model curvatures according to the formulas that383

were created by using the experimental background used in these studies.384

2.4.1 Cold Formed Steel Material Model385

The material model for CFS sections was taken from study of Gardner, et al. [1] and a plot386

for 50 ksi material withE=29,500 is given in Figure 2.16.387

2.4.2 Hot Rolled Steel Material Model388

HRS sections material models is di�erent than the CFS section materials as mentioned389

before. The biggest di�erence is that this model has a clear yield plateau before the strain hardening390

starts. This model was taken from study of Yun, et al. [2] and a plot for 50 ksi material withE=29,000391

is given in Figure 2.17.392
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Figure 2.16: CFS Material Models (Gardner, et al. [1]))

Figure 2.17: HRS Material Models (Yun, et al. [2])
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3. Joist Models and Failure Modes393

Two di�erent joist designs, both with a 50 ft span and 30-inch deep, were used in this study.394

Each design corresponds to a di�erent section type: hot-rolled steel (HRS) and cold-formed steel395

(CFS). These core designs were speci�cally selected and developed by the SJI Research Committee396

to ensure they represent current industry practices and were subsequently provided for use in this397

research; the design-sheets for these models are provided in the Appendix B.3. These core designs398

were further modi�ed to have three di�erent failure modes, leading to variations in ultimate load399

capacities in each designs and failure modes.400

3.1. Joist Models with HRS Sections401

A generic shape of �rst joist design (Joist I) is provided in Figure 3.1. The Joist I has rod402

sections as �rst webs, and uses crimped angle sections for web members. These angle web members403

are crimped 6 inches from their ends to �t between the chord angles.404

Figure 3.1: Joist with HRS sections (Joist I)
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Figure 3.2: Joist with CFS sections (Joist II)

3.2. Joist Models with CFS Sections405

Joist with CFS sections (Joist II) uses channel sections for all webs and uses CFS angles for406

chord members (Figure 3.2).407

3.3. Failure Modes408

Three primary failure modes were selected for further investigation for each joist design:409

ˆ Bottom Chord Yielding Failure410

ˆ First Web Yielding Failure411

ˆ Compression Web (W3 Member) Buckling Failure412

Additionally, a serviceability limit state was considered based on theL/60 de�ection limit,413

based on discussions with SJI research committee representatives. Although the International Build-414

ing Code (IBC, [8]) typically de�nes the serviceability limit as! •120for similar structural members,415

the SJI representatives recommended adopting twice this de�ection (! •60) as the threshold for416

these analyses to better capture the ultimate behavior and extensive deformation capacity of the joist417

systems. Given the 600-inch span length, a 10-inch de�ection limit was applied to all models.418
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3.3.1 Bottom Chord Yielding Failure419

Yielding �rst initiates in the bottom chord, speci�cally around the midspan of the joist. As420

the load and de�ection increase, this yielding spreads from the midspan toward the ends of the bottom421

chord. This increase in tension stresses also causes higher stress levels and yielding in the �rst web422

members. Due to the ductility of steel, this process results in signi�cantly larger maximum de�ections423

compared to other failure modes. Consequently, this is the failure mode that most frequently reaches424

the 10-inch de�ection limit.425

3.3.2 First Web Yielding Failure426

In the second yielding failure mode, �rst web members with weaker cross-sections expe-427

rience high yielding, speci�cally at both ends where rotational forces develop due to the de�ected428

shape of the joist. As the �rst webs yield due to the de�ected shape, high stresses are also induced in429

the bottom chord.430

An important outcome of weakened �rst webs is the reduced rotational sti�ness of the431

modi�ed webs, which increases the likelihood of top chord buckling at the end panels. This failure432

mode is the second most frequent mode that can reach to 10 inches of de�ection limit since there is a433

high stresses on both bottom chord and �rst webs.434

3.3.3 First Compression Web (W3 Member) Buckling Failure435

W3 web members are the �rst compression webs under gravity loads. As the load and436

de�ection increase, bending and high-stress regions start to form at the ends of the W3 members437

due to their weakness. As the de�ected shape progresses, these end rotations also cause additional438

stress at the ends of the W2 end webs. However, the bending in W3 results in failure due to buckling439

before the yielding reaches to the failure in W2 members or midspan de�ections reach the! •60440
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limit. Because of this relatively early buckling, the overall de�ections are smaller for this failure441

mode compared to others. Since compression buckling is the primary failure mode, imperfections or442

notional loads have a high impact on the accuracy of the analysis results.443

Both implementing initial imperfections or notional loads to the system increase the analysis444

accuracy. Both methods can be a�ected by the material properties and cross-sectional properties.445

Since the initial imperfection method requires additional analysis to determine and utilize in the446

ABAQUS models, to increase the e�ciency, this model includes notional loads on the midpoint of447

W3 web members. These notional loads were calculated using Eq. 3.1:448

Notional Load= # = 0•002� H� (3.1)

where� H is the yield stress of W3 web material, andA is the area of W3 web section. Since449

� HandA change at each random realization, the notional loads were updated accordingly to maintain450

consistency with the assigned input values.451
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4. Finite Element Models452

All failure mode designs for both Joist I and Joist II models were �rst modeled with shell453

elements and solid elements (rod and �ller sections) as this is the most accurate analysis type. Next,454

new �nite element models were created using beam elements as they have signi�cantly reduced run455

time compared to shell element models. Nonlinear second-order RIKS analyses were completed in456

ABAQUS. Loads, lateral and end supports, connections, and material models are presented in this457

chapter for the FE models.458

Most of the modeling procedures used in developing the Abaqus shell-element models459

were adapted from previously validated studies with proven consistency (Sippel, Ziemian, and Blum460

[9], Rahnavard et al. [10], Adany and Schafer [11], Kapoor, Bogh and Peterman, [12] and Sippel,461

Ziemian, and Blum [13]). The methods for representing welded connections, end supports, and462

lateral restraints were primarily derived from earlier work (Sippel, Ziemian, and Blum [9]), with463

project-speci�c modi�cations developed in coordination with the SJI Research Committee. Crimped464

sections and �ller components were also replicated following the approaches reported in previous465

studies. Material modeling was enhanced by replacing earlier simpli�ed assumptions with more466

detailed nonlinear material de�nitions. For shell elements, the S4R element�widely recommended467

and used in the literature (Rahnavard et al. [10], Adany and Schafer [11], and Kapoor, Bogh and468

Peterman, [12])�was adopted, and mesh sizes were selected following guidance from prior research469

(Sippel, Ziemian, and Blum [13]), with additional re�nement applied to compression members to470

ensure accurate representation of localized buckling behavior.471

Shell models were veri�ed by comparing the load-de�ection results of FE models and472
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designs sheets provided by SJI at the service load levels. After the veri�cation at the service load473

levels, the design loads were applied to the system with RIKS analysis to obtain the actual capacity474

of the designed joists for the following steps in the project.475

Given that the reliability study requires high number of analyses, running shell elements476

would require excessive amount of time to run all possible design combinations. Therefore, beam477

element �nite element models were used for the reliability study. Same material models, loads, and478

lateral and end supports were used in both models. The connections, however, were modeled with a479

di�erent method for the beam FEM compared to the shell FE models.480

Beam element models are not able to include the change in the weld length e�ectively.481

Therefore, rather than using rigid connection at the web end - chord connections, rotational springs482

with speci�c sti�ness values for web groups were assigned to web ends. The method for spring483

sti�ness calculations for varying weld lengths is explained this section. After the models were484

created, beam element FE models were veri�ed by comparing the load-de�ection results at service485

level with SJI design sheets and at design load level with shell element FE model results.486

4.1. Shell Element Models487

Shell element FE models were created �rst due to their accurate and realistic results.488

Detailed 3D models were created for each failure mode design. Previously mentioned material489

models were used, welded connections were modeled according to the given length in the provided490

design sheets with the given loads on top chords, and the supports were applied as in the actual joists.491

HRS angle web members were crimped starting from 6 inches at the ends and these492

crimpings were also modeled in shell element models in ABAQUS with a transition region from493

regular angle to crimped angle sections, as illustrated in Figure 4.1.494
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Figure 4.1: HRS angle web crimped at 6 inches at the ends

4.1.1 Connections495

There were two types of connections used in shell element FE models for these two di�erent496

weld types (bevel and �llet). The �rst connection type is surface to surface tie connection which was497

used in bevel welds (connections between solid element welds and chords). An example from rod end498

for this type of connections is shown in Figure 4.2. Additional weld elements with a di�erent weld499

material with a yield stress of 75 ksi was used in this connection type. The second type connection500

is the welded connection between shell element webs and shell element chord members which was501

done by using only the edges of the web members to represent the �llet welds, presented in Figure502

4.3.503

4.1.2 Loading504

Loads were applied as uniformly distributed surface loads to the top chord angles. Since505

[13] demonstrated the signi�cant e�ects of torsional sti�ness on top chord members in joist elements,506

the inner sides of the top chord angles were speci�cally chosen for load application. This approach507

was preferred to prevent generating additional torsional forces on the top chord angles. Figure 4.4508

shows the loading con�guration on the top chords.509
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Figure 4.2: Surface to surface tie connection

Figure 4.3: Weld lines tie connection for open section web ends

Figure 4.4: Uniformly distributed loads on top chord members
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4.1.3 End and Lateral Supports510

End supports were modeled in the same way with simply supported beams, a pinned511

connection on one end and a roller connection on the other end. However, the supports were not512

directly applied to the top chord angles but to seats angles. Seats were added to both ends and513

connected to the top chord angles on both sides to transfer the forces to the supports from top chords.514

Figure 4.5: Seats and end supports of joist ends

Lateral supports were applied to the joist models in the same way with actual joists on both515

chords. Bottom chords were laterally supported at every panel point. Additional angle members were516

connected to the bottom chord members and the supports were applied to these members. Figure 4.6517

includes an example to this lateral support type with the additional angle support member. A di�erent518

method was used for top chord lateral supports. The supports were applied to the top chord angles519

directly alternating at every 12 inches to represent the connection between chord angles and deck on520

top, as the deck provides lateral restraint to the top chord.521

In addition to lateral supports, �llers were used to prevent buckling of top chord members522

in steel joists, and were also included in FE models. The same sections with solid rod members were523

40



Figure 4.6: Lateral supports (orange arrows) at every panel point at bottom chords

Figure 4.7: Alternating lateral supports (orange arrows) at every 12 inches on top chords

placed in the designated locations and welded connections were modeled.524

4.1.4 Validation of Shell Element Models525

Two di�erent validation processes were completed to verify the shell element FE models.526

In the �rst validation, the shell element �nite element (FE) model results were compared to the Steel527

Joist Institute (SJI) calculated displacements under serviceability loads. The reference values in Table528

4.2 were provided by SJI designs; following the completion of the FE models, the vertical de�ections529

under serviceability loads were compared against these reference values. The minimal percentage530
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Figure 4.8: Filler and weld elements for connection with top chord angles

di�erences indicate that the FE models achieved high accuracy in predicting displacements within531

the serviceability range.532

The second validation phase involved comparing the FE results with experimental data from533

two di�erent joist models (24" and 30" depth) reported by Yost et al. [3]. While the study provides534

fundamental dimensions for the joist geometry, certain secondary parameters, such as speci�c weld535

lengths, web orientations, precise lateral support locations, and end support details, were not explicitly536

detailed in the original publication. Furthermore, material property documentation was primarily537

focused on the tested middle web members, which exhibited a yield strength of 57 ksi (exceeding538

the nominal 50 ksi speci�cation). However, detailed stress-strain data or elasticity properties for the539

chords and other web members remained unde�ned.540

To address these missing parameters, a series of engineering assumptions were made541

regarding support conditions and member orientations to reconstruct the models as faithfully as542

possible. Despite these inherent modeling challenges, the FE analyses demonstrated strong correlation543

with the experimental results. Figures 4.9 and 4.10 illustrate the failure modes, characterized by the544

buckling of W3 web members - a behavior consistent with the experimental observations. Moreover,545

the load-midspan de�ection plots in Figures 4.11 and 4.12 reveal an excellent agreement in joist546
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Table 4.1: Comparison of de�ection results under serviceability loads for design sheets and shell
element FE models

Joist Type
Failure
mode

Shell Element
FEM (in)

Designsheets (in) Di�erence (%)

Joist I
BC 1.685 1.670 0.9
FW 1.642 1.600 2.6
W3 1.640 1.600 2.5

Joist II
BC 1.636 1.60 2.2
FW 1.600 1.600 0
W3 1.631 1.600 1.9

Modes: BC: bottom chord failure, FW: �rst web failure, W3: web buckling failure

sti�ness. The FE models accurately captured the failure occurring shortly after the linear elastic547

stage, mirroring the trends seen in the three experiments conducted by Yost et al. [3].548

Figure 4.9: Buckled W3 web member in shell element FE models for joist with 24" depth

Figure 4.10: Buckled W3 web member in shell element FE models for joist with 30" depth

Following the veri�cation process, the shell element FE models were analyzed under full549

loading conditions, leading to the identi�cation of three failure modes: bottom chord yielding failure,550

�rst web yielding failure, and �rst compression web buckling failure. The results of these shell element551

FE models are presented in Figures 4.13 to 4.15, corresponding to each failure mode, respectively.552

The �gures show the Von Mises stress distributions across the joist members. The red colored areas553
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Figure 4.11: Comparison of experiments and shell element FE models for joist with 24" depth

Figure 4.12: Comparison of experiments and shell element FE models for joist with 30" depth
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Table 4.2: Comparison of load and midspan de�ection results of experiments [3] and shell element
FE models

Experiment [3] FEM Shell
Di�erence (%)

Joist Type Load (kN) Avg. Load (kN) Load (kN)

24a 12.1
11.53 12.5 8.4824b 11.5

24c 11.0
30a 14.9

13.40 13.6 1.4930b 12.8
30c 12.5

Joist Type
De�ection

(mm)
Average

De�ection (mm)
De�ection

(mm)
Di�erence (%)

24a 14.2
13.63 13.43 1.4624b 15.2

24c 11.5
30a 12

9.33 8.86 5.0530b 8
30c 8

represent the high stress regions whereas the blue colored regions are having the least stresses in the554

analysis.555

4.2. Models for Calculation of Weld Length E�ects (Moment-Rotation Values)556

Beam element FE models are not able to re�ect the welded end connection e�ects as557

accurately as the results from shell element FE. Assuming �xed or pin end for the web connections558

a�ects the behavior of not only web members but also chord members. Di�erent combinations of559

chord strengths and web strengths might lead to buckling in chord or web members. An example to560

this is shown in a previous study of Cicek, Sputo, and Blum [14].561

Given that this study includes web compression buckling failure as one of the main failure562

modes, the end conditions of web members are critically important. Therefore, rotational springs563
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Figure 4.13: Bottom chord tension yielding failure mode shell element FE result

Figure 4.14: First web tension yielding failure mode shell element FE result

Figure 4.15: First compression web buckling failure mode shell element FE result
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were assigned to web member ends and the rotational sti�ness values of these springs were calculated564

by modifying the shell element FE models previously created in this study.565

This modi�ed models only include the bottom chord and part of the webs from each groups566

and updated with di�erent web weld length ratio that were captured in statistical analysis on collected567

weld length data. For each web group, the minimum, mean and maximum weld length ratios were568

applied to the modi�ed shell element FE model. The main criteria was obtaining the same moment569

at each web in each model with the same load. According to the rotation of the webs under these570

same moment values, moment-rotations of web groups for each weld length ratio were obtained, and571

the rotational sti�ness values were calculated by using these results.572

Figure 4.16 shows part of the modi�ed Joist II model and loading, and Figure 4.17 shows573

the de�ected shape of selected web members. Calculated moment-rotation curves of each weld groups574

with minimum, mean, and maximum weld length ratio levels are given in Figures A.1 through A.6575

in Appendix Section A for both HRS crimped angle and CFS channel sections.576

The boundaries for rotational sti�ness values were calculated from moment-rotation curves577

by using minimum and maximum weld lengths. A linear formulation was de�ned between weld length578

ratio input and the rotational sti�ness values for each weld group and section type. The e�ect of579

change in weld length was applied to the simulation beam element model with the change in rotational580

sti�ness values instead of updating the weld lengths inside the model, and the de�ned formula was581

used at each weld length groups to calculate this rotational sti�ness value. To evaluate the sensitivity582

of the model to these connections, additional analyses were performed using conventional "pin-pin"583

and "�x-�x" end conditions for the web members. As expected, the structural response of the models584

with assigned rotational springs fell consistently between these two idealized boundaries, providing585

a more realistic and advanced representation of the actual semi-rigid behavior of the welded joints.586
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