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FE parametric study of circular Reduced Web Section 
(RWS) connections subjected to cyclic loading 

Meysam Bayat 1 | Konstantinos Tsavdaridis1 | Andrés Alonso-Rodriguez2 

1 Introduction 

New steel construction can contribute to climate change 

impacts. The World Steel Association estimates that steel 

production is responsible for roughly 7 to 9% of global di-

rect CO2 emissions [1]. In many cases, retrofitting existing 

steel buildings offers a more sustainable and cost-effective 

alternative to demolition and replacement [2]. Accord-

ingly, a substantial body of research has investigated ret-

rofit strategies that enhance the performance of existing 

structures rather than reconstructions, leading to the de-

velopment of approaches based on joint strengthening and 

beam weakening [3] [4].  

 These advancements have culminated in the development 

of prequalified beam-to-column connections, which are a 

codified common practice in the United States [3], while 

specifications regarding prequalification are being devel-

oped in Europe [4]. European retrofit guidance  for earth-

quake resistance promotes ductile mechanisms and stable 

rotation capacity [5]. On the other hand, following the 

1994 Northridge earthquake, extensive research refined 

steel moment connection behaviour and detailing [6]. 

Within this context, RWS connections with circular open-

ings provide a practical weakening strategy by relocating 

inelastic demand away from the column face via Vieren-

deel action in the surrounding tee-sections; cyclic re-

sponse is strongly governed by opening size and offset, 

with local instability as a common limiting mechanism [7] 

[8]. The primary goal of this study is to understand per-

formance metrics for screening circular RWS geometries 

under a qualification-style cyclic loading. The overall ge-

ometry of a welded RWS connection with RWS geometry 

parameters is shown in Figure 1. 

Figure 1   Circular RWS geometry and definition of non-dimen-

sional parameters S/h, do/h and 2L/h. 

2 Numerical framework and FE database Outline 

The FE framework was verified against five full-scale cyclic 
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subassemblies reported in the literature, including three 

WUF-W moment connection tests of different scales (DC-

S, DC-M, DC-L), for each one, two identical specimens 

were tested by Saneei Nia et al. [9]. Similarly, Davarpanah 

et al. investigated the cyclic performance of fully welded 

RWS connections incorporating elliptical web openings. 

Two identical specimens, denoted HE-RWS-1 [10] and HE-

RWS-2 [11], were tested. HE-RWS-1 was subjected to the 

standard AISC 341-16 loading protocol [12], while HE-

RWS-2 was examined under an extended AISC 341-16 

protocol plus two additional cycles at 7% drift. Details of 

these connections, along with test set-up for the experi-

mental program are illustrated in Figure 2. 

 

Figure 2   (Left) DC-S, DC-M, and DC-L test setup experiments 

[9]. (Right) HE-RWS-1 and HE-RWS-2 test set-up [11]. 

2.1 Finite element model 

A three-dimensional solid finite-element (FE) representa-

tion of a welded beam-to-column subassembly was devel-

oped in ABAQUS/Standard. To isolate the influence of the 

RWS geometry on cyclic flexural response, the column and 

panel zone were idealised as rigid, and the beam end was 

fully restrained at the column face. This produces a con-

servative upper bound on plastic rotations and drift de-

mands by eliminating any beneficial effect the panel zone 

could have on drift capacity, consistent with other studies 

[13] [14]. This ensures that changes in response are due 

to alterations in RWS geometry, providing clear insights 

into its behaviour under seismic cyclic loading. Lateral re-

straints were provided at the loading and support points 

to suppress out-of-plane instability. The true stress-strain 

relationship used in the finite element analyses of this 

study was derived by converting the experimental engi-

neering stress-strain data. Additionally, the steel behav-

iour of the DCS, DCM, DCL, and HE-RWS-1 assemblies is 

modelled using a trilinear stress-strain relationship, while 

the HE-RWS-2 assembly is modelled using a multilinear 

stress-strain relationship. The isotropic component was 

defined using these monotonic data, and the kinematic 

component was automatically calibrated in Abaqus via the 

Half Cycle method, which derives the Chaboche backstress 

parameters from the initial unloading–reloading branch 

(ABAQUS v6.6, Section 18.2.2). This standard combined 

hardening formulation captures cyclic effects such as the 

Bauschinger phenomenon. The same approach is used 

later in this study for the parametric analysis, supple-

mented by values found in the literature to describe other 

behavioural phenomena. Twenty-node reduced-integra-

tion brick elements (C3D20R) were used globally with a 

maximum element size of 20 mm, while ten-node tetrahe-

dral elements (C3D10) with 10 mm sizing were adopted 

locally around the opening to capture curvature and local 

buckling. Welds were represented using tie constraints. 

Steel cyclic behaviour was modelled using combined iso-

tropic–kinematic hardening (Chaboche), calibrated using 

the half-cycle method in ABAQUS to reproduce unloading–

reloading behaviour and the Bauschinger effect. Initial ge-

ometric imperfections were introduced from the first 

eigenmode of an elastic buckling analysis, scaled to tw/200 

consistent with [8]. Geometric nonlinearity was included. 

The cyclic loading history followed the loading protocol in 

AISC 341 [12] depicted in Figure 3. Figure 4 shows the 

general finite-element model used in this numerical study. 

 

Figure 3   AISC 341 loading protocol [12] with incrementing 

chord rotation θ in steps of 0.01 rad, recommended by FEMA 

350 [6]. 

 

Figure 4   Typical FEM considered in this study 

2.2 FE model validation 

Figure 5 to 9 compare the hysteretic curves predicted by 

the finite-element model employed in this study with ex-

perimental results for DC-S, DC-M, DC-L, HE-RWS-1, and 

HE-RWS-2. In all validation plots, the current FEM results 

are represented by the black curves. 

 

      Figure 5   DC-S            Figure 6   DC-M            Figure 7   DC-L 

 

    Figure 8   HE-RWS-1                         Figure 9   HE-RWS-2 

In addition to the global response, the numerical model 

was checked against local deformations. Figure 10 and 

Figure 11 compare the experimentally observed defor-

mation patterns with the FE contours at similar drift levels. 

Consistent with the tests, the FE model reproduces the 

Vierendeel mechanism around the circular opening, with 
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four plastic hinges forming in the upper and lower tee sec-

tions and transferring the shear Vsd across the opening un-

der the applied moment Mv. 

 

Figure 10   Experimental photographs adapted from Saneei Nia 

et al. [9] and corresponding FE deformation and von Mises pat-

terns of DC specimens at 6% drift: DC-S, DC-M and DC-L. 

 

Figure 11   Experimental deformation patterns and correspond-

ing FE PEEQ contours: (a) HE-RWS-1 at 6% drift [10]; (b) HE-

RWS-2 at 7% drift [11]; and (c) Specimen 1 at 4% drift [15]. 

Implemented as a single dynamic Python script in 

ABAQUS, the FE model reproduces the moment-rotation 

hysteretic curves, including peak strengths and cyclic deg-

radation, and the local failure modes across five experi-

ments. In addition, the comparison with Specimen 1 from 

Shin et al. [15] in Figure 11(c) provides a sixth, independ-

ent validation of the four plastic hinging patterns around 

web openings (Vierendeel mechanism) and local defor-

mations for a different beam configuration, supporting the 

application of the FE model to a wider range of web open-

ing geometries, including circular openings. This approach 

is consistent with previous finite element studies on RWS 

connections i.e. [16], where the FE models were first val-

idated against the available experiments and then used to 

investigate modified web opening geometries, including 

circular and other novel shapes, given the limited experi-

ments for RWS connections. 

3 Parametric Study 

The primary objective of this study is to quantify the influ-

ence of geometric parameters (2L/h, S/h and do/h), ma-

terial properties (steel grade), and beam profile (IPE sec-

tions) on the moment capacity of RWS connections. The 

response is characterised using key performance 

measures, including the yield moment (My), peak moment 

(M𝑐), ultimate moment (Mᵤ), and the moment capacity at 

4% and 6% drift (M₀.₀₄ and M₀.₀₆), together with compli-

ance against AISC prequalification criteria. European steel 

grades S235, S275, and S355 are adopted in the paramet-

ric study based on the experimental database reported in 

[17], and the corresponding mean material properties are 

summarised in Table 1. 

 

Table 1    Mechanical properties of steel grades for the para-

metric study 

Property S235 S275 S355 

E (GPa) 197.48 206.47 205.67 
σy (MPa) 301 324 395 

σy,0.2 (MPa) 301 324 395 
σu (MPa) 440 477 529 

εy 0.0015 0.0016 0.0019 
εu 0.31 0.30 0.28 

 

Metrics are extracted from the hysteretic curves and back-

bone envelope depicted in Figure 12, consistent with SMF 

qualification concepts in ANSI/AISC 341 [12]. To explicitly 

address the rotation capacity requirements associated 

with ANSI/AISC 358 prequalified moment connections, the 

imposed storey drift angle is also treated as the connection 

chord rotation. For special moment frames, the target to-

tal rotation demand is 0.04 rad (equivalent to 4% drift), 

while intermediate moment frames are associated with 

0.02 rad (2% drift). In addition to strength checkpoints at 

prescribed drift angles, an ultimate rotation capacity θu is 

reported as the chord rotation at which the backbone mo-

ment degrades to 0.8Mc, representing 20% strength deg-

radation from the peak. 

 

Figure 12   Schematic representation for characterising the re-

sponses  

3.1.1 Parametric FE database 

The parametric database comprises 7,575 analyses organ-

ised in 75 batches (5 beam sizes × 3 steel grades × 5 

span-to-depth ratios). Each batch includes 100 circular-

opening configurations tabulated in Table 2 plus the cor-

responding solid-web reference (C100: do/h = S/h = 0). 

Beam sections are IPE270, IPE330, IPE400, IPE500 and 

IPE600 in grades S235, S275 and S355. The span-to-

depth ratios considered are 6, 7, 9, 12 and 14. All response 

quantities are normalised by the solid-web reference of the 

corresponding batch to isolate the effect of opening geom-

etry. Specimen classification is illustrated in Figure 13. 

Table 2   Parametric combinations of (S/h) and (do/h) in each 

batch of analysis 

(S/h)% (dₒ/h)%  

30 35 40 45 50 55 60 65 70 75 

60 C00 C10 C20 C30 C40 C50 C60 C70 C80 C90 
80 C01 C11 C21 C31 C41 C51 C61 C71 C81 C91 
100 C02 C12 C22 C32 C42 C52 C62 C72 C82 C92 
120 C03 C13 C23 C33 C43 C53 C63 C73 C83 C93 
140 C04 C14 C24 C34 C44 C54 C64 C74 C84 C94 
160 C05 C15 C25 C35 C45 C55 C65 C75 C85 C95 
180 C06 C16 C26 C36 C46 C56 C66 C76 C86 C96 
200 C07 C17 C27 C37 C47 C57 C67 C77 C87 C97 
220 C08 C18 C28 C38 C48 C58 C68 C78 C88 C98 
240 C09 C19 C29 C39 C49 C59 C69 C79 C89 C99 
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Figure 13   Specimen classification 

4 Results and discussion 

4.1 Yield Moment (My) 

The results indicate that the normalised yield moment 

My/My,FS is generally close to unity, with the most pro-

nounced reductions and dispersion observed at low span-

to-depth ratios 6–7, particularly when combined with 

larger do/h regardless of steel grades. This pattern is evi-

dent on the response surfaces (i.e., for IPE270.S235 in 

Figure 14). In addition, as the span-to-depth ratio in-

creases to about 12 to 14, the 5×15 normalised My box-

plots in Figure 15 show a clear contraction of the inter-

quartile range and a shift of the median towards 0.95-1.0, 

evidencing reduced sensitivity to web openings. The data 

further suggest a profile-depth effect, with deeper IPE sec-

tions exhibiting smaller variability at a given opening con-

figuration, consistent with increased flexural reserve and 

reduced local demand concentration. It was observed that 

the span-to-depth ratio acts as a first-order moderator of 

yield-moment degradation: lower span-to-depth ratios re-

quire stricter limits on do/h and opening location, whereas 

higher span-to-depth ratio configurations maintain My 

near the baseline even for relatively large openings. 

 

 

Figure 14   My/My,FS  plots for batches: 7.IPE270.S235, 

9.IPE270.S235, and 14.IPE270.S235 

 

 

Figure 15   Boxplots My/My,FS for profiles:  IPE 270, IPE 330, 

IPE 400, IPE 500, IPE 600 

4.2 Peak Moment (Mc) 

The peak moment ratio Mc/Mc,FS shows the most significant 

deterioration at low span-to-depth ratio (6–7) when com-

bined with large opening ratios, as indicated by the re-

sponse surfaces in Figure 16; the minima in the IPE270 

examples fall to roughly one-half to two-thirds of the base-

line, and the normalised MC boxplots in Figure 17 exhibit 

wide spreads with numerous low outliers. As the span-to-

depth ratio increases to 12–14, the distributions become 

tighter, and the medians approach 0.9–1.0, indicating a 

markedly reduced sensitivity to the opening. A consistent 

depth effect is evident across profiles: IPE330 to IPE600 

display progressively narrower interquartile ranges at 

comparable opening configurations, suggesting greater 

reserve and less localisation of demand in deeper sections. 

It is observed that controlling opening size and position is 

critical for smaller span-to-depth ratios. In contrast, 

higher span-to-depth ratios provide a practical buffer that 

keeps the peak strength near its reference value. 

 

Figure 16   Mc/Mc,FS  plots for batches: 7.IPE270.S235, 

9.IPE270.S235, and 14.IPE270.S235 

 

 

Figure 17   Boxplots Mc/Mc,FS  for profiles: IPE 270, IPE 330, IPE 

400, IPE 500, IPE 600 

4.3 Prequalification Criteria 

4.3.1 Strength  at 4% drift (M0.04) 

The flexural strength of a connection in SMFs at 4% drift 

needs to be at least 80% of the nominal beam plastic mo-

ment (Mp) [12]. In the present study, this full-section 

check, expressed as M0.04 ≥ 0.8Mp, is used as the principal 

prequalification-style benchmark. Across the 7,575 mod-

els, 6,927 satisfy this requirement (91.45%), while 648 

fall below it. The failing cases are concentrated in very 

large openings, predominantly do/h ≥ 0.65 and especially 

do/h = 0.75, combined with low span-to-depth ratios, pri-

marily 2L/h = 6 to 7. This indicates that the 4% drift 

benchmark is generally achievable for moderate opening 

sizes, but unfavourable opening geometries should be 

screened out in design. A broad corridor around do/h ≈ 

0.30 to 0.50 and S/h ≈ 0.80 to 1.20 achieved universal 

compliance. 

4.3.2 Rotation capacity (θu) and strength degradation 

While the M0.04 benchmark provides a direct comparison 

against the AISC acceptance strength at 0.04 rad, rotation 

capacity can also be characterised by the onset of post-

peak degradation. Using θu as a consistent indicator, 640 

out of 7,575 models reach 20% strength degradation be-

fore 4% drift, 5,615 reach it at or beyond 4% drift, and 

1,320 models do not reach 20% degradation by 6% drift. 

For the models that reach 0.8Mc within the analysed range, 

the median θu is 4.89% drift (interquartile range 4.39% to 

5.41%). 
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Figure 18   Distribution of θu, defined as the chord rotation at 

which the backbone degrades to 0.8Mc (20% strength loss). 

Values that do not reach 0.8Mc by 6% drift are plotted at 6% 

drift (censored). 

4.3.3 Moment at 6% drift (M0.06) 

It was observed that the normalised moment at 6% drift, 

𝑀0.06/𝑀0.06,𝐹𝑆, increases with span-to-depth ratio and be-

comes less sensitive to web opening geometry: For in-

stance, as shown in Figure 19, IPE270(S235), the mean 

rises from 0.854 at span-to-depth ratio = 7, to 0.892 at 

span-to-depth =14. The surface plots show the lowest val-

ues around S/h ≈ 60%, and dₒ/h ≈ 75%. In addition, it 

was observed that when the web opening exceeds about 

0.40h and the end distance is short, the normalised 6%-

drift, 𝑀0.06/𝑀0.06,𝐹𝑆 drops below unity (lower than the solid 

beam counterparts).  

 

Figure 19   Surface plots, M06/M06,FS for batches: 7.IPE270.S235, 

9.IPE270.S235, and 14.IPE270.S235 

Figure 20 is an illustration where a well-proportioned RWS 

outperforms the solid beam at high drift: For IPE600 with 

𝑑𝑜/ℎ ≈ 0.45 and 𝑆/ℎ ≈ 2.4 (C39), the curve at ~6% drift sits 

above the Full section (𝑀0.06,𝑅𝑊𝑆 > 𝑀0.06,𝐹𝑆). The moderate 

opening and large end distance redistribute the stresses, 

enabling a higher moment at 6% drift. 

 

Figure 20   C39_VS_C100_ M0.06 in batch: 14.IPE600.S235 

5 Conclusions 

This study aimed to quantify how RWS geometry governs 

the cyclic response of welded RWS beam-to-column con-

nections when used as a seismic retrofit strategy for Eu-

ropean IPE beams. A finite element model was developed 

and validated against five full-scale experiments with sat-

isfactory accuracy, and its local deformation patterns were 

further checked against an independent sixth test. To-

gether, these comparisons confirmed that the analyses 

capture the Vierendeel mechanism, and the associated lo-

cal deformation demands around a circular web opening. 

The validated model was subsequently used to generate 

and interrogate a database of 7,575 welded RWS beam-

to-column connection specimens subjected to the AISC 

341 cyclic loading protocol. The parameter space was de-

fined across IPE270 to IPE600 sections, span-to-depth ra-

tios of 6, 7, 9, 12 and 14, and three European steel grades 

S235, S275, and S355, with opening diameter and end 

distance parameterised and expressed by do/h and S/h. 

The response measures considered were My, Mc, Mu, M0.04, 

and M0.06, all normalised by the corresponding solid section 

reference. Across the database, the opening geometry pri-

marily influences post-yield behaviour. The dispersion of 

the normalised yield moment is generally lower than that 

of the peak moment, while large openings combined with 

short end distances penalise Mc most severely, especially 

for stocky systems. As span-to-depth ratio increases, sen-

sitivity to opening size reduces and the median Mc/Mc,FS 

approaches 0.9 to 1.0.  For the principal AISC 4% drift 

benchmark based on the full-section plastic moment, 

6,927 of the 7,575 models satisfy M0.04 ≥ 0.8Mp, while 648 

fall below this threshold. These results indicate that the 

4% drift requirement is generally achievable for moderate 

openings, but unfavourable combinations still exist and 

should be screened out in design. A broad corridor around 

do/h ≈ 0.30 to 0.50 and S/h ≈ 0.80 to 1.20 achieved uni-

versal compliance. At higher drift demand (6%), selected 

well-proportioned RWS geometries can exceed the solid 

section reference by improving post-peak stability, con-

sistent with the intended redistribution of yielding. Overall, 

within a screened geometry range, RWS connections offer 

a viable and code-consistent option for seismic retrofitting 

of steel moment frames, provided that the RWS geometry 

is well proportioned. This conclusion is in agreement with 

earlier studies on fully restrained RWS connections [18] 

[19] [20].  
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