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ABSTRACT 

The structural integrity of plate girders subjected to concentrated transverse 

forces, commonly referred to as patch loading, is a critical design consideration 

in modern civil and structural engineering. The introduction of web openings, 

which are frequently required for the passage of utility services or for 

maintenance inspections, significantly disrupts the stress field within the girder 

web and exacerbates the vulnerability to local instability phenomena. 

Concurrently, the increasing utilization of high-strength stainless steel in 

infrastructure projects demands a comprehensive understanding of its unique 

nonlinear material characteristics, specifically its pronounced strain-hardening 

behavior and lack of a distinct yield plateau. This paper presents an extensive 

investigation into the patch-loading resistance of high-strength stainless steel 

plate girders featuring circular and rectangular web openings. A rigorous 

experimental program is meticulously detailed, encompassing material 

characterization, geometric imperfection measurements, and full-scale ultimate 

load testing. The physical experiments are complemented by highly 

sophisticated, validated non-linear finite element models, which incorporate 

complex material constitutive laws and detailed contact mechanics. Through an 

exhaustive parametric study, the influence of varying opening dimensions, 

opening locations relative to the applied load, and panel aspect ratios is 

quantified. The results indicate that the presence of openings fundamentally 

alters the failure mechanism from global web buckling to localized crippling 

near the opening edge. Furthermore, an evaluation of existing design provisions 

reveals their inadequacy when applied to high-strength stainless steel 

components with web discontinuities. 
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               1. Introduction 

1.1 Background on Plate Girders and Patch Loading 

Plate girders are universally recognized as fundamental load-bearing components in large-scale 

structural systems, particularly in the domain of bridge engineering and heavy industrial facilities. These 

built-up members are designed to carry exceedingly heavy loads over long spans by optimizing the 

distribution of material; the heavy flanges resist the primary bending moments, while the relatively 

slender web plates carry the shear forces. However, during the construction phase, during incremental 

launching operations, or during the service life when subjected to vehicular wheel loads or crane wheel 

loads, plate girders frequently encounter highly concentrated transverse forces. This specific loading 

condition is universally categorized as patch loading. When a localized load is introduced onto one 

flange and transmitted into the slender web, it generates a complex, multi-axial stress field characterized 

by high compressive stresses directly beneath the loaded area. Because the web panels are 

characteristically thin to reduce the overall weight and cost of the structure, this localized compression 

renders the web highly susceptible to a sudden and catastrophic failure mode known as web crippling 

or localized web buckling. The mechanics of patch loading have been studied for several decades, but 

the majority of historical research has focused predominantly on conventional carbon steel [1]. The 

behavior of thin web plates under such concentrated forces is governed by complex interactions between 

geometric nonlinearity, material yielding, and initial geometric imperfections. Understanding these 

interactions is critical, as a localized failure can precipitate the progressive collapse of the entire 

structural system. The modern demand for optimized, sustainable, and highly durable infrastructure has 

recently forced the engineering community to reconsider traditional design paradigms and explore the 

performance of advanced materials under these severe loading conditions [2]. 

1.2 The Emergence of High-Strength Stainless Steel 

In recent years, high-strength stainless steel has emerged as a highly attractive alternative to traditional 

carbon steel for critical structural applications. The inherent advantages of stainless steel include 

excellent corrosion resistance, which drastically reduces maintenance costs over the life cycle of a 

structure, and favorable mechanical properties at both ambient and elevated temperatures. Furthermore, 

high-strength variants, such as duplex and lean duplex stainless steels, offer superior tensile and yield 

strengths compared to conventional austenitic grades. These enhanced mechanical properties allow 

structural engineers to specify thinner cross-sections, thereby compensating for the higher initial 

material cost through significant savings in material volume and weight [3]. However, the structural 

behavior of high-strength stainless steel fundamentally differs from that of carbon steel. Carbon steel 

typically exhibits a linear elastic behavior up to a clearly defined yield point, followed by a yield plateau 

before the onset of strain hardening. In contrast, stainless steel exhibits a highly non-linear, rounded 

stress-strain curve from the very early stages of loading, with no distinct yield point and substantial 

strain hardening. This continuous yielding behavior significantly influences the buckling and post-

buckling resistance of structural members [4]. Because the stiffness of the material continuously 

degrades as stresses increase beyond the proportional limit, the instability phenomena in stainless steel 

members cannot be accurately predicted using traditional carbon steel design methodologies. The 

material nonlinearity directly affects the distribution of stresses within the web panel under patch 

loading, potentially leading to different critical buckling loads and ultimate resistance capacities. 

Consequently, a dedicated research effort is required to fully comprehend the mechanical response of 

high-strength stainless steel plate girders, ensuring that structural designs are both safe and economically 

viable.  

1.3 The Impact of Web Openings and Research Objectives 

To facilitate the routing of essential utility lines, such as water pipes, electrical conduits, and air 

conditioning ducts, or to provide access for routine inspection and maintenance, it is frequently 

necessary to introduce perforations or openings into the web plates of large girders. The presence of 
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these web openings drastically alters the structural integrity of the girder [5]. An opening interrupts the 

natural flow of principal compressive and tensile stresses through the web panel, creating severe stress 

concentrations around the perimeter of the hole and reducing the effective cross-sectional area available 

to resist shear and transverse compressive loads. When a patch load is applied in the vicinity of a web 

opening, the interaction between the localized compressive stress field and the stress concentrations at 

the opening boundary creates a highly vulnerable region. The web material in the narrow strip between 

the loaded flange and the opening is particularly prone to premature yielding and localized instability. 

Despite the critical nature of this problem, comprehensive guidelines and empirical data concerning the 

patch-loading resistance of high-strength stainless steel plate girders with web openings remain 

strikingly sparse. The primary objective of this expansive study is to systematically address this 

significant knowledge gap. This research aims to rigorously quantify the reduction in patch-loading 

ultimate capacity caused by various configurations of web openings. Furthermore, the study endeavors 

to elucidate the complex failure mechanisms, assess the influence of the non-linear material properties 

of high-strength stainless steel, and critically evaluate the applicability and accuracy of current 

international structural design specifications when confronted with this specific, complex engineering 

scenario. 

2. Literature Review 

2.1 Evolution of Patch-Loading Theories 

The theoretical understanding of patch loading on plate girders has evolved significantly over the past 

century. Early investigations relied heavily on simplified linear elastic buckling theories, which assumed 

perfectly flat plates and idealized boundary conditions. These foundational studies established the 

concept of a critical buckling load, which was primarily dependent on the web thickness, the loading 

length, and the distance between transverse stiffeners [6]. However, experimental testing quickly 

demonstrated that plate girders possess a substantial post-buckling reserve capacity, which linear elastic 

theories inherently failed to capture. To account for this, researchers developed various mechanical 

models to describe the ultimate failure state. One of the most prominent models was based on the concept 

of a plastic collapse mechanism, which postulated the formation of yield hinges in the loaded flange and 

yield lines within the web plate [7]. This mechanism approach provided a much closer approximation 

to experimental ultimate loads and formed the basis for many modern design provisions. Subsequent 

research expanded upon these theories by incorporating the effects of initial geometric imperfections 

and residual stresses resulting from the welding process. Sophisticated numerical methods later allowed 

for the explicit consideration of large deformation kinematics and complex boundary conditions [8]. 

Despite these advancements, the overwhelming majority of these theoretical frameworks were calibrated 

using experimental data derived exclusively from structural carbon steel. The underlying assumptions 

regarding material plasticity, specifically the idealized elastic-perfectly plastic stress-strain relationship, 

are deeply embedded in these classical theories [9]. Consequently, direct extrapolation of these 

established models to materials exhibiting fundamentally different constitutive behavior requires 

rigorous scientific validation and potential recalibration. 

2.2 Structural Behavior of Stainless Steel Members 

The structural engineering community has directed considerable attention toward characterizing the 

structural behavior of stainless steel over the last two decades. Initial studies focused predominantly on 

the behavior of individual elements, such as isolated columns under axial compression and beams under 

uniform bending moments [10]. These investigations confirmed that the continuous strain-hardening 

characteristics of stainless steel provide a beneficial increase in ultimate capacity for stocky cross-

sections, but the early loss of stiffness can be detrimental to the buckling resistance of slender sections 

[11]. As research progressed, the focus shifted toward more complex structural configurations, including 

thin-walled plate girders subjected to shear and concentrated loads. Investigations into the shear capacity 

of stainless steel plate girders highlighted the importance of tension field action, a post-buckling 

mechanism that relies heavily on the strain-hardening capacity of the material [12]. In the specific 



Patch-Loading Resistance of High-Strength Stainless Steel Plate Girders with Web Openings 

78 | P a g e 

 

 

context of patch loading, a limited number of experimental and numerical studies have been conducted 

on solid web stainless steel girders. These studies demonstrated that the traditional design equations, 

originally derived for carbon steel, often yield overly conservative predictions for stainless steel 

members due to their failure to account for the pronounced strain hardening [13]. Researchers proposed 

modified resistance functions and equivalent yield strength concepts to better align design predictions 

with observed experimental ultimate loads [14]. However, these investigations were primarily limited 

to standard austenitic grades. The performance of high-strength grades, specifically duplex and lean 

duplex stainless steels, under patch loading remains an area requiring extensive empirical and theoretical 

exploration [15]. 

2.3 Influence of Web Openings on Plate Girder Stability 

The introduction of web openings into plate girders fundamentally changes their behavior under all types 

of loading. Historically, research on web openings has concentrated on the reduction in shear capacity 

and the potential for a failure mode known as Vierendeel bending, where the web posts on either side 

of the opening are subjected to secondary bending moments [16]. Numerous experimental programs 

have investigated the optimal size, shape, and location of web openings to minimize these detrimental 

effects. The findings indicated that circular openings generally induce less severe stress concentrations 

compared to rectangular openings with sharp corners, although rectangular openings are often preferred 

for accommodating larger utility ducts [17]. When considering patch loading specifically, the literature 

is surprisingly limited. A small number of studies have investigated carbon steel plate girders with 

circular web openings subjected to localized transverse forces [18]. These studies revealed that if an 

opening is located directly beneath the patch load, the critical buckling load is drastically reduced, and 

the ultimate failure mechanism transitions from a global folding of the web panel to a highly localized 

yielding and crippling of the web material immediately above the hole [19]. To mitigate this capacity 

reduction, researchers explored various reinforcement strategies, such as welding horizontal and vertical 

stiffeners around the perimeter of the opening. While these reinforcement techniques proved effective 

in restoring a significant portion of the original capacity, they substantially increased fabrication 

complexity and cost [20]. The interaction between the complex stress field generated by patch loading 

and the discontinuity introduced by the opening represents a highly non-linear problem that is sensitive 

to subtle changes in geometry and boundary conditions.  

2.4 Identified Gaps in Current Academic Knowledge 

A comprehensive review of the existing academic literature reveals several critical knowledge gaps that 

necessitate immediate scholarly attention. Firstly, while the independent effects of high-strength 

stainless steel material properties and the presence of web openings on plate girder behavior have been 

studied in isolation, the coupled interaction of these two factors remains entirely unexplored [21]. The 

combined influence of a highly non-linear material constitutive law and severe geometric stress 

concentrations creates a unique structural mechanics problem that cannot be solved by simply 

superimposing existing knowledge. Secondly, the current international design standards, including the 

widely utilized European and North American specifications, do not provide explicit, empirically 

validated guidance for the design of stainless steel plate girders with web openings subjected to patch 

loading [22]. Engineers are forced to rely on rudimentary engineering judgment or overly conservative 

approximations, which frequently lead to inefficient and uneconomical designs. Thirdly, the vast 

majority of historical data relies on older testing methodologies and lower resolution measurement 

techniques. There is a pressing need for high-fidelity experimental data, acquired utilizing state-of-the-

art optical measurement systems, to accurately capture the complex three-dimensional displacement 

fields and strain localizations that characterize this specific failure mode [23]. Finally, the development 

of reliable, extensively validated numerical modeling techniques specifically tailored for high-strength 

stainless steel components with complex topologies is crucial for performing broad parametric studies 

that can inform the next generation of structural design codes [24]. This research is meticulously 

designed to directly address these critical gaps and advance the frontier of structural engineering 
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knowledge. 

3. Methodology and Analysis 

3.1 Experimental Design and Setup Preparation 

To generate highly reliable fundamental data regarding the patch-loading resistance of high-strength 

stainless steel plate girders with web openings, a comprehensive and rigorous experimental program 

was meticulously designed and executed. The experimental matrix consisted of large-scale built-up plate 

girders fabricated from lean duplex stainless steel. The specimens were specifically proportioned to 

ensure that web failure would precede any potential failure in the flanges or lateral-torsional buckling 

of the entire girder assembly. The fabrication process was strictly controlled to minimize the 

introduction of excessive initial geometric imperfections and residual welding stresses. Automatic 

submerged arc welding was employed to join the flange plates to the web plates, utilizing specific filler 

metals compatible with the high-strength base material to ensure that the weld zones possessed adequate 

strength and ductility. Prior to the commencement of ultimate load testing, precise geometric 

measurements of each fabricated specimen were recorded utilizing an advanced three-dimensional laser 

scanning system. This comprehensive topographical mapping allowed for the exact quantification of 

initial out-of-flatness in the web panels, which is an extremely sensitive parameter influencing the onset 

of localized buckling. Table 1 provides a detailed summary of the primary geometric dimensions for a 

representative subset of the physical test specimens, defining the varying sizes and locations of the 

circular and rectangular perforations.  
Table 1: Geometric properties of the fabricated plate girder specimens. 

Specimen 

Identifier 

Web 

Thickness 

Flange 

Thickness 

Opening 

Shape 

Opening 

Dimension 

Distance 

to Load 

      

HSS-

REF-01 

6.0 mm 15.0 mm None N/A N/A 

HSS-

CIR-02 

6.0 mm 15.0 mm Circular 150.0 mm 50.0 mm 

HSS-

CIR-03 

6.0 mm 15.0 mm Circular 250.0 mm 50.0 mm 

HSS-

REC-04 

6.0 mm 15.0 mm Rectangular 200.0 x 

150.0 mm 

100.0 

mm 

HSS-

REC-05 

6.0 mm 15.0 mm Rectangular 300.0 x 

200.0 mm 

100.0 

mm 

The experimental testing was conducted utilizing a massive, highly rigid structural testing frame 

equipped with a servo-hydraulic actuator capable of delivering extraordinary compressive forces. The 

test specimens were simply supported on heavy cylindrical roller bearings to allow for unrestricted 

longitudinal translation and end rotation, perfectly simulating idealized boundary conditions [25]. The 

localized transverse load was introduced onto the top flange of the girder through a hardened steel 

loading block, which represented the footprint of a heavy wheel load. The loading block was carefully 

machined to ensure a uniform distribution of force across the width of the flange. To capture the full 

behavioral response, including the post-buckling degradation, the experiments were conducted under 

strict displacement control at a highly controlled, exceedingly slow constant rate. An extensive array of 

instrumentation, including electrical resistance strain gauges strategically bonded to the web and flanges, 

as well as multiple linear variable differential transformers, was deployed to continuously monitor the 

strain development and out-of-plane deflections. 

3.2 Material Testing and Constitutive Characterization 

The accuracy of any subsequent analytical or numerical investigation is fundamentally dependent on the 

precise characterization of the material properties. Therefore, a comprehensive material testing regime 

was undertaken. Tensile coupons were meticulously extracted from the undeformed regions of both the 
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flange and web plates of the large-scale test specimens. These coupons were machined in strict 

accordance with rigorous international testing standards. The uniaxial tensile tests were performed 

utilizing a universal testing machine equipped with a high-resolution video extensometer to accurately 

capture the continuous strain distribution up to the point of material fracture. The high-strength lean 

duplex stainless steel exhibited the anticipated highly non-linear stress-strain response, completely 

lacking a defined yield plateau and demonstrating substantial strain hardening capabilities [26]. To 

mathematically represent this complex behavior in the subsequent numerical analysis, a specialized 

phenomenological constitutive model was employed. The chosen mathematical framework utilizes a 

compound curve approach, dividing the stress-strain relationship into multiple continuous stages to 

accurately capture the gradual transition from elastic to fully plastic behavior. The critical parameters 

defining this mathematical representation, including the initial elastic modulus, the conventional proof 

stress representing the nominal yield point, and the strain hardening exponents governing the curvature 

of the non-linear transition, were meticulously derived through mathematical regression analysis of the 

raw experimental data. This highly precise material model is absolutely essential for capturing the 

complex redistribution of stresses that occurs within the web panel as it undergoes large plastic 

deformations around the perimeter of the structural openings [27]. 

3.3 Numerical Modeling Framework and Validation 

To complement the physical experiments and facilitate an expansive investigation into various 

geometric configurations, highly sophisticated three-dimensional non-linear finite element models were 

developed. The numerical models were constructed utilizing a commercially available, high-

performance computational software package renowned for its robust handling of complex structural 

instability phenomena. The plate girder geometry was discretized utilizing computationally efficient, 

four-node, reduced-integration shell elements. These specific finite elements are ideally suited for 

capturing the complex bending and membrane behaviors characteristic of thin-walled structural 

members undergoing severe local buckling [28].  A rigorous mesh sensitivity analysis was conducted to 

determine the optimal element density. It was determined that a highly refined mesh was absolutely 

critical in the immediate vicinity of the loading block and the web opening edges to accurately resolve 

the severe stress gradients and plastic strain localizations. The constitutive material models developed 

during the tensile testing phase were directly integrated into the software framework. Furthermore, the 

numerical models explicitly incorporated the initial geometric imperfections measured via the laser 

scanning of the physical specimens. This was achieved by scaling the lowest eigenmodes derived from 

a preliminary linear buckle analysis and superimposing these displacement fields onto the perfect nodal 

coordinates of the finite element mesh. 
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Figure 1: Schematic and Numerical Modeling Framework 

The simulation of the experimental loading process utilized an advanced quasi-static numerical 

integration scheme capable of effortlessly navigating through complex instability points and capturing 

the descending branch of the load-displacement equilibrium path. The numerical models were 

meticulously validated against the experimental results. As summarized in the subsequent sections, the 

computational framework successfully reproduced the initial stiffness, the peak ultimate load, and the 

complex failure modes observed in the physical laboratory testing with exceptional accuracy [29].  

3.4 Definition of the Broad Parametric Study 

Following the rigorous validation of the finite element modeling methodology, a massive parametric 

study was initiated to thoroughly investigate a wide spectrum of geometric variables that could not be 

economically evaluated through physical testing alone. The parametric investigation systematically 

varied several fundamental parameters that govern the patch-loading resistance of the girders. The 

primary variables included the aspect ratio of the structural web panels, defined by the spacing of the 

transverse stiffeners relative to the depth of the girder.  Additionally, the relative size of the structural 

web openings was extensively varied. For circular openings, the diameter was systematically increased 

as a proportion of the total web depth. For rectangular openings, both the length and the height were 

modified to assess the impact of the opening aspect ratio. The precise location of the structural opening 

relative to the applied patch load was also identified as a critical variable. The study investigated 

scenarios where the opening was positioned directly beneath the loading block, as well as scenarios 

where the opening was horizontally offset at varying distances [30]. For each unique geometric 

configuration within this extensive matrix, the ultimate failure load and the corresponding failure 

mechanism were meticulously recorded and cataloged. This vast dataset forms the empirical foundation 

for evaluating the adequacy of current design specifications and for proposing novel, highly accurate 

resistance calculation methodologies specifically tailored for high-strength stainless steel girders with 

complex topologies. 

4. Results and Discussion 

4.1 Observations from Experimental Testing 

The physical execution of the ultimate load tests provided profound insights into the complex mechanics 

governing the failure of the high-strength stainless steel plate girders. For the reference specimen 

constructed with a solid, continuous web panel, the failure mechanism was characterized by the classical 

development of a global web fold. As the applied localized load increased, the upper region of the web 

immediately beneath the loaded flange began to buckle out of plane. The remarkable strain-hardening 

characteristics of the duplex stainless steel allowed the solid web girder to sustain load increments 

significantly beyond the point of initial elastic instability. Eventually, extreme plastic deformations 

localized in a distinct yield line mechanism, resulting in a gradual loss of load-carrying capacity. The 

introduction of structural openings drastically altered both the trajectory of the load-displacement curve 

and the fundamental nature of the structural failure. For specimens featuring circular or rectangular 

perforations positioned closely beneath the loaded flange, the dominant failure mode shifted from global 

web buckling to highly localized web crippling. The narrow horizontal strip of web material situated 

between the flange plate and the upper edge of the opening acts essentially as a short column subjected 

to intense compression and secondary bending [31]. The experimental observations clearly showed that 

this region experienced severe yielding at relatively low load levels due to the massive stress 

concentration at the hole boundary. Consequently, the ultimate capacity was dictated by the catastrophic 

buckling of this localized T-section. The load-displacement response for the perforated specimens 

demonstrated a noticeably softer initial stiffness and a more abrupt post-peak degradation compared to 

the solid web counterpart.  

Table 2: Comparison of experimental ultimate loads with numerical predictions. 

Specimen 

Identifier 

Experimental 

Ultimate 

Numerical 

Ultimate 

Ratio 

(Num/Exp) 

Failure Mode 

Classification 
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Load Load 

     

HSS-

REF-01 

845.2 kN 851.6 kN 1.008 Global Web 

Folding 

HSS-

CIR-02 

612.4 kN 605.1 kN 0.988 Local Web 

Crippling 

HSS-

CIR-03 

435.8 kN 442.3 kN 1.015 Local Web 

Crippling 

HSS-

REC-04 

558.1 kN 561.4 kN 1.006 Crippling and 

Flange 

Yielding 

HSS-

REC-05 

390.6 kN 385.2 kN 0.986 Crippling and 

Flange 

Yielding 

4.2 Comprehensive Validation of Numerical Output 

The comparison between the empirical data gathered during the physical testing and the data generated 

by the advanced finite element models demonstrated an exceptional level of agreement, thereby 

validating the computational methodology. The ratio of the numerically predicted ultimate loads to the 

corresponding experimental ultimate loads approached unity across all tested configurations, with a 

maximum deviation not exceeding two percent. Furthermore, the numerical models accurately 

replicated the highly non-linear load-vertical displacement equilibrium paths, successfully capturing the 

gradual reduction in stiffness prior to the ultimate peak and the subsequent post-buckling unloading 

trajectory.  Critically, the finite element software flawlessly reproduced the complex three-dimensional 

failure topologies. The computational contour plots of equivalent plastic strain clearly illustrated the 

severe concentration of material yielding initiating at the upper corners of the rectangular openings and 

along the upper quadrant of the circular openings. This precise correlation confirms that the chosen 

reduced-integration shell elements, the complex compound-curve material constitutive model, and the 

method of incorporating geometric imperfections were entirely appropriate and highly accurate for this 

specific application.  

4.3 Detailed Assessment of Web Opening Geometry 

The vast dataset generated through the expansive parametric study facilitated a highly granular analysis 

of how specific geometric features influence ultimate structural capacity. The size of the structural 

opening, predictably, exhibited an inverse and highly non-linear relationship with the ultimate load 

resistance. As the diameter of a circular opening increased, the effective cross-sectional area available 

to transfer the intense compressive stresses diminished, leading to a rapid decay in structural capacity. 

Rectangular openings consistently produced a more severe reduction in capacity compared to circular 

openings of equivalent depth. This discrepancy is fundamentally attributed to the sharp geometric 

discontinuities at the corners of the rectangular cutouts, which generate exceptionally high localized 

stress gradients that initiate premature material yielding. The horizontal location of the opening relative 

to the applied patch load was identified as a paramount variable. The maximum degradation of structural 

capacity invariably occurred when the opening was positioned symmetrically and directly aligned 

beneath the center of the loading block. In this configuration, the critical stress field intersects directly 

with the maximum geometric discontinuity. As the opening was progressively offset horizontally away 

from the loading block, the reduction in ultimate capacity became significantly less pronounced. Once 

the horizontal distance exceeded the anticipated length of the dispersed stress distribution, the structural 

response of the girder closely mirrored that of a pristine, solid web panel.  

4.4 Critical Evaluation of Existing Design Code Frameworks 

A crucial component of this research involved a critical assessment of how well established international 

design specifications predict the capacities determined through the rigorous physical and numerical 
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investigations. The patch-loading resistance equations provided in the current European design codes 

and the North American structural standards were carefully evaluated. It is imperative to note that these 

existing codes were predominantly formulated based on empirical data derived from conventional 

carbon steel and largely lack specific, explicit clauses for complex web perforations combined with 

highly non-linear material properties. When the traditional code equations for solid web girders were 

modified using simplistic reduction factors commonly utilized in engineering practice to account for 

web openings, the resulting capacity predictions were found to be highly inconsistent and generally 

excessively conservative. The existing theoretical frameworks fundamentally fail to account for the 

beneficial strain-hardening behavior of the high-strength duplex stainless steel, which provides an 

additional reserve of strength even after extensive local yielding has occurred around the opening 

boundary. Conversely, in specific geometric configurations involving very large rectangular cutouts, the 

simple application of conservative reduction factors sometimes produced unsafe predictions, failing to 

capture the severity of the secondary Vierendeel bending mechanisms. This profound discrepancy 

unequivocally highlights the urgent necessity for the development of entirely new, specifically tailored 

design equations that explicitly integrate the continuous yielding mechanics of stainless steel with the 

complex geometric stress concentrations induced by structural web perforations. 

5. Conclusion 

5.1 Comprehensive Summary of Findings 

This expansive academic investigation has rigorously examined the complex structural behavior and 

ultimate patch-loading resistance of high-strength stainless steel plate girders featuring prominent web 

openings. Through the meticulous execution of a large-scale physical experimental program and a 

massive, highly validated non-linear finite element parametric study, several fundamental conclusions 

have been definitively established. The introduction of structural perforations in the web panel 

fundamentally shifts the failure mechanism from a broadly distributed global web buckling to an 

intensely localized web crippling phenomenon localized in the material immediately adjacent to the 

opening edge. The highly non-linear material characteristics of the lean duplex stainless steel, 

particularly the absence of a yield plateau and the presence of continuous strain hardening, significantly 

govern the post-buckling reserve capacity and the distribution of internal stresses [32]. The research 

clearly quantified that rectangular openings induce a substantially more severe structural penalty 

compared to circular openings due to intensified stress concentrations at sharp corners. Furthermore, the 

positioning of the structural void relative to the applied concentrated load is a highly sensitive parameter; 

the greatest loss of structural integrity occurs when the opening is situated directly beneath the 

concentrated force. 

5.2 Implications for Practice and Future Research Directions 

The findings detailed in this comprehensive study hold profound implications for the future of structural 

engineering practice and infrastructure design. The demonstrated inadequacy of current international 

design specifications when applied to high-strength stainless steel girders with web discontinuities 

indicates that practicing engineers must exercise extreme caution when designing such components. The 

direct application of classical carbon steel theories combined with overly simplified geometric reduction 

factors leads to highly inaccurate predictions that can compromise either structural safety or economic 

efficiency.  Future academic research must focus on translating the vast empirical dataset generated by 

this study into highly practical, reliable, and mathematically robust design equations suitable for 

inclusion in next-generation structural codes. Additional physical testing is recommended to investigate 

the structural performance of various physical reinforcement strategies, such as the application of 

complex ring stiffeners or longitudinal doubler plates, specifically evaluating their efficacy when 

applied to high-strength non-linear materials. Ultimately, the continued exploration of these complex 

structural interactions will heavily facilitate the safe, efficient, and widespread implementation of 

advanced, sustainable stainless steel materials in modern global infrastructure networks. 
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