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1 Introduction 

Steel moment resisting frames (MRFs) are widely used for seismic 

design of framed buildings. Often, a composite floor slab connected 

to the beams via shear studs, is present [1]. The floor slab acts as a 

rigid diaphragm and transmits seismic loads to the moment frame 

beams through friction and shearing of the studs.  

Past studies have shown that the reliability of shear studs subjected 

to  cyclic loading is contentious [2].  As a precaution against severe 

shear stud strength degradation, seismic provisions provide recom-

mendations that diminish the consequences associated with the un-

certainty in shear stud hysteretic behaviour. For instance, Eurocode 

8-1 [3] limits the degree of composite action to a minimum of 80%. 

The rationale behind this lower limit is that shear studs in composite 

steel beams with low degree of composite action act as the weak 

link. As such, they may experience large inelastic deformations, and 

eventually fracture. Moreover, both Eurocode 8-1 [3] and 

ANSI/AISC 341-16 [4] propose a 25% reduction in the design shear 

resistance of the studs. This reduction is based on low-cyclic high-

amplitude push-out tests conducted on headed shear studs [5–8]. In 

these tests, the shear studs experienced severe strength degrada-

tion compared to those subjected to monotonic loading. The loss of 

composite action due to stud failure leads to the loss of the load 

transfer mechanism between the slab and the steel beams [2]. As a 

result, extensive spalling may occur as seismic loads are transferred 

to the moment frame through bearing of the slab on the column 

flanges. In that regard, it may seem justifiable to reduce the ultimate 

shear strength of the studs under cyclic loading to ensure that they 

maintain their load carrying capacity at design level lateral drift de-

mands (2%) and control the slab damage.  Nevertheless, only a few 

subassembly tests with composite beams showed early fracture of 

the shear studs [6,9,10]. This was attributed to poor weld quality 

and/or additional out-of-plane forces acting on the studs. In more 

recent tests [11] of shallow composite beams (310mm depth and a 

reported degree of composite action of 48%) the studs remained in-

tact and experienced little or no deformation. Similar findings were 

reported in [2]. It is understood that the shear stud hysteretic per-

formance is better than anticipated particularly in shallow beams 

(depth less than 400mm). 

Although informative, conventional cyclic push-out tests do not rep-

licate the actual hysteretic behaviour of shear studs in composite 

steel beams. Particularly, the slab stress state alternates between 

tension and compression depending on the sign of a loading excur-

sion (sagging or hogging). This is not the case in conventional cyclic 

push-out tests in which the concrete remains under compression re-

gardless of the sign of the loading excursion. Recently conducted cy-

clic push-out tests [12] account for this limitation by applying fully-

reversed cyclic stress to the shear studs and concrete slab. Another 

ORIGINAL ARTICLE 

Abstract 

In steel moment resisting frames (MRFs) with composite floor slabs, seismic loads are transmitted 

from the slab into the beam through shear studs. Shear strength degradation of the studs due to 

cyclic loading results into the loss of the load transfer mechanism and composite action. To date, 

several low-cyclic, high-amplitude push-out tests have been conducted to characterize the shear 

stud hysteretic behaviour. These isolated tests showed considerable degradation in the shear stud 

resistance; nevertheless, they do not simulate the actual hysteretic behaviour of shear studs 

within a composite steel beam. To elaborate, conventional cyclic push-out tests do not replicate 

the actual stress state in the concrete slab, nor do they account for the force redistribution be-

tween the shear studs. This paper investigates the hysteretic behaviour of shear studs in steel 

MRFs with composite floor slabs. The load-slip hysteretic behaviour of the shear studs is examined 

through continuum finite element (CFE) models of 2-bay sub-systems and their corresponding 

cruciform subassemblies. Moreover,  shear force and interlayer slip envelopes are obtained along 

the composite steel beams. Results of the CFE models are used to propose new design recommen-

dations for shear studs in composite-steel MRFs.  

Keywords 

Shear studs, Shear strength degradation, Composite floors, Composite-steel moment resisting 

frames 

Correspondence 

Hammad El Jisr 

École Polytechnique Fédérale de Lausanne 

ENAC IIC RESSLab 

Station 18 

CH-1015 Lausanne 

Email: hammad.eljisr@epfl.ch 

 

Affiliations 
 
1École Polytechnique Fédérale de Lausanne, Lau-

sanne, Switzerland  

 

https://doi.org/10.1002/cepa. wileyonlinelibrary.com/journal/cepa

© 2021 Ernst & Sohn Verlag für Architektur und technische Wissenschaften GmbH & Co. KG, Berlin · ce/papers 4 (2021), Nos. 2 - 4

1333 575

mailto:hammad.eljisr@epfl.ch
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcepa.1333&domain=pdf&date_stamp=2021-09-01


limitation of cyclic push-out tests is that they do not take into con-

sideration the force redistribution between the studs [12–14] nor 

the effect of the slip restraint near the beam-column joints 

[15]. From here stems the necessity of assessing the hysteretic be-

haviour of shear studs in composite steel beams through simulation 

to further comprehend their hysteretic behaviour. 

Several modelling approaches have been proposed to model the be-

haviour of shear studs in composite steel beams. In [16] it was shown 

that the local load-slip behaviour of shear studs may be accurately 

captured by using 15-node quadratic prisms and 20-node brick ele-

ments for the shear studs, and 15-node quadratic prisms for the con-

crete surrounding the shear studs. Adopting these higher order ele-

ments to model the global cyclic behaviour of composite steel 

subassemblies and their members is not computationally efficient. 

Accordingly, researchers have attempted to increase the efficiency 

of the models through simplifications. [17] modelled the shear studs 

using linear Timoshenko beam elements with a modified cross-sec-

tional area to represent the shear strength of the studs. [18] adopted 

a similar approach and added a spot weld failure criteria to simulate 

the stud-to-metal deck connection. [19] used pin jointed truss mem-

bers with an effective stiffness to model shear studs.  Elastic per-

fectly-plastic spring elements with modified properties were imple-

mented by [20] and [21]. These modelling procedures replicate the 

monotonic behaviour of the shear studs fairly well. However, they 

cannot be extended to cyclic loading as they do not capture the 

pinched cyclic behaviour of the shear studs. Others [22–25] at-

tempted to model the interface slip using a non-linear load-slip rela-

tion. While these models account for the cyclic degradation of the 

studs, they do not consider the stress state in the slab under fully re-

versed cyclic loading, nor the force redistribution between the 

studs. 

In this paper, a continuum finite element model that accounts for the 

interaction between the composite slab and the beams is proposed 

and validated with experimental data. The modelling approach is 

then used to compare the hysteretic behaviour of shear studs in 

MRFs with beams of various depths. For this purpose, two-bay sub-

systems and subassemblies are modelled. The differences between 

the load-slip behaviour of studs in sub-systems, where axial re-

straint is present, and subassemblies are highlighted. Moreover, the 

shear stud force and interlayer slip envelopes along the beams are 

evaluated in the sub-systems. In light of the findings, aspects associ-

ated with the shear stud design in composite-steel MRFs in seismic 

provisions are discussed. 

2 Continuum finite element model 

2.1 Description 

Modelling the slab-beam interaction in steel MRFs necessitates a 

comprehensive CFE model that is able to capture contact between 

the slab and the top beam flanges, as well as the non-linear cyclic be-

haviour of the shear studs. For this purpose, a high-fidelity model, is 

developed in Abaqus 6.14 [26]. The model, shown in Figure 1, is val-

idated with data from a full-scale subassembly test [20]. Details of 

the model specifics, the element types and the material constitutive 

laws are found in [27]. The developed CFE model can be found in 

https://doi.org/10.5281/zenodo.3678262. 

Synergy between the slab and the steel beam is accounted for 

through a hard contact interaction. Additionally, the contact inter-

face is governed by Coulomb’s friction model with a steel-to-con-

crete friction coefficient,  = 0.2 [28]. Referring to Figure 1(b), the 

shear studs connecting the slab to the main steel beams are simu-

lated through idealized non-linear zero-length springs.  

Past cyclic push-out tests have shown that the behaviour of shear 

studs in composite steel beams is characterized by a degrading 

pinched hysteretic response. This response is captured using a non-

linear load-slip behaviour. In particular, the modified Ibarra-Me-

dina-Krawinkler (IMK) deterioration model with pinched hysteretic 

behaviour can explicitly simulate the effects of stiffness, strength, 

post-capping strength and accelerated reloading stiffness deterio-

ration. Furthermore, the model has the benefit of being loading-his-

tory independent as it assumes a reference inherent energy dissipa-

tion capacity regardless of the loading protocol. The IMK model is 

implemented in the non-linear zero-length springs through a user-

defined element (VUEL), publicly available from 

https://github.com/RESSLab-Team/IMK_Pinching_VUEL. The shear 

stud model parameters are obtained through calibration with re-

cently conducted cyclic push-out tests [12]. Unlike conventional cy-

clic push-out tests available in literature  [5,6,8],  these tests did not 

demonstrate severe strength degradation in shear studs with 19mm 

diameter. They replicate the mechanical behaviour of the shear 

studs under fully reversed cyclic loading in that they account for the 

stress state in the slab under sagging and hogging excursions. Refer-

ring to Figure 2, the ultimate shear strength when the slab is under 

tension (i.e. hogging bending) is around 40% that when the slab un-

der compression (i.e. sagging bending). Figure 2 shows the parame-

ters obtained though the calibration of a cluster of four 19mm shear 

studs.  Note that the ultimate shear strengths Qu
+ and Qu

- are ad-

justed based on the properties of the composite floor slab of SPEC3. 

 
 

a) b) 

Figure 1 a) Continuum finite element model  boundary conditions and beam-slab interaction; b) shear stud detail 
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Figure 2 Calibration of a cluster of four 19mm shear studs  [12]

2.2 Validation 

The proposed model is validated with an available physical test [20] 

subjected to a cyclic symmetric loading history [29] at the column 

tip. This specimen was chosen since most of the energy dissipation 

occurred in the beams and lateral torsional buckling in the beams 

was prevented by sufficient lateral bracing. The specimen dimen-

sions and composite floor slab details are found in [20]. An explicit 

dynamic procedure is implemented in the model. Static equilibrium 

and energy balance are used to verify that the behaviour is quasi-

static. Details regarding this important matter can be found in [27]. 

Referring to Figure 3, the simulated hysteretic response of the beam 

(at the column face) shows a fairly good agreement with the test 

data. In particular, the CFE model predicts the peak flexural strength 

within a margin of error of 10%. Furthermore, flexural strength deg-

radation due to local buckling and shear stud degradation is cap-

tured fairly well. Note that the simulated behaviour slightly deviates 

from the test at 6% SDR. This deviation is due to the occurrence of 

ductile tearing in the bottom flange of the beam during the test.  

 

 

Figure 3 Comparison between the simulated and experimental beam hysteretic 

behaviour 

2.3 Parametric study 

The validated CFE modelling approach is used to assess the shear 

stud hysteretic behaviour in composite-steel MRFs comprising deep 

and shallow beams. Two two-bay sub-systems with different beam 

depths are modelled along with the corresponding cruciform subas-

semblies. Table 1 shows the dimensions of the modelled sub-sys-

tems. The degree of composite action, defined according to EN 

1994-1-1 [30] and EN 1998-1 [3], is the same at the interior column 

and differs only slightly at the exterior column. It does not comply 

with EN 1998-1 [3] requirements ( <80%). Supplementary details 

regarding the parametric study are found in [27]. 

 

Table 1 Properties of the modelled sub-systems 

 Beam Column 

 Section L [mm] db [mm]  [%] Section H [mm] 

SD
a,b W36x150 8992 911 32 W27x194 3962 

SS
a W16x45 8992 409 32 W14x132 3962 

a = Cyclic symmetric loading history up to 6% story drift [29] 
b = Collapse consistent loading protocol with two phases [31] 
db = Beam depth 
i  = Degree of composite action at the interior column [3,30] 
e  = Degree of composite action at the exterior column  [3,30] 
                       Sub-system                                                  Subassembly 

                            

  

3 Behaviour of shear studs 

3.1 Local hysteretic behaviour 

The hysteretic response of the west beam shear studs nearest to the 

interior joint is shown in Figure 4.  The moment-rotation hysteretic 

response of the west beam (at the column face) is superimposed in 

the same figure. The aim is to evaluate the influence of the shear 

stud degradation on the behaviour of the beams at large lateral drift 

demands.  The hysteretic response of the shear studs in sub-systems 

with deep and shallow beams is compared to that in typical cruci-

form subassemblies with simplified boundary conditions. 

Referring to Figure 4(a), the shear studs in both subassembly and 

sub-system SD experience severe strength degradation. At lateral 

drifts associated with design-basis earthquakes (i.e., 2% SDR), the 

studs are subjected to large inelastic slip demands (> 5mm). At 4% 

lateral drift, the shear studs degrade to less than 50% of their ulti-

mate shear capacity. There is a notable difference between the 

shear stud response in the subassembly and sub-system. First, loss 

of shear stud capacity in the subassembly occurs at 4% SDR com-

pared to 5% in the sub-system. Second, in the subassembly, the 

shear stud degrades more under sagging bending and less under 

hogging bending when compared to that in the sub-system. The rea-

sons behind the difference in shear stud demand in subassemblies 

and sub-systems are elaborated later in this section. Referring to 

Figure 4(b), the beam hysteretic behaviour differs between the sub-

assembly and sub-system. This difference arises from the presence 

of the axial restraint that delays local buckling in sub-systems as dis-

cussed in [27]. Additionally, the shear stud behaviour also influences 

the rate of strength degradation of the composite steel beam. Unlike 

in the subassembly, the stud integrity, and therefore composite ac-

tion, is maintained in the sub-system at 4% SDR. Accordingly, local 

buckling in the top flange of the beam is delayed. On the other hand, 

H

L L

H

L
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under hogging bending, earlier stud shear strength degradation in 

the sub-system results in a lower hogging flexural resistance in com-

parison with the subassembly. The difference is not pronounced 

since the slab contribution to the flexural strength is low under hog-

ging bending. However, it is reflected by a slightly lower peak flex-

ural strength in the sub-system beam (~10%). 

The shear studs in both subassembly and sub-system SS do not ex-

perience large inelastic slip demands (< 1mm) at 2% lateral drift and 

show no shear strength degradation even at 4% lateral drift (see Fig-

ure 4(c)). Eventually, the shear stud in the subassembly loses its 

load-carrying capacity at 6% SDR while that in the sub-system main-

tains its integrity. It is evident that the non-linear load-slip behav-

iour in SS (with shallow beams) deviates from that in SD (with deep 

beams) despite the fact that they have the same slab configuration, 

number of studs and degree of composite action. The lower shear 

demand in the shallow beam results in much less strength degrada-

tion in the shear studs connecting the beam to the slab. Referring to 

Figure 4(d), the peak hogging flexural resistance attained in the 

beam is the same in the sub-system as in the subassembly. In both 

cases, the shear studs do not degrade under hogging bending. In con-

trast, the subassembly beam exhibits flexural strength degradation 

during the last sagging bending cycle (6% SDR). This is mainly due to 

shear stud degradation and not due to local buckling in the beam as 

revealed by the CFE model. The ductility of composite beams with 

partial interaction is governed by the ultimate slip capacity of the 

shear studs [32]. 

It is important to acknowledge the uncertainty in the value of the ul-

timate slip capacities, su
 (see Figure 2).  Lower values of su

 may re-

sult in the shear studs losing their integrity at modest lateral drift 

demands than those shown in Figure 4. In that respect, the shear 

studs can be assessed for a lower bound limit for su
. EN 1994-1-1 

[30] define ductile shear studs as those having a characteristic de-

formation capacity, uk= 6mm, at 10% drop in ultimate shear re-

sistance [33]. At 4% SDR, the maximum stud slip demand is 11mm 

for sub-system SD and 2mm for sub-system SS. In the latter, no loss 

in stud shear resistance is observed at the specified lateral drift de-

mand. On the other hand, the slip demand at 2% SDR associated 

with a design-basis earthquake (10% probability of exceedance over 

50 years) is within 4mm and 2mm for sub-systems SD and SS, respec-

tively and no shear strength degradation is observed. Based on the 

above, the shear stud integrity is maintained in the sub-system SS at 

2% and 4% SDR, and in the sub-system SD at 2% SDR. Moreover, for 

higher degrees of composite action, the shear demand on the studs 

is expected to be lower. Further investigation of the shear stud be-

haviour along the beam span is conducted in section 3.2. 

The difference in the slip demand between the shear studs in subas-

semblies and sub-systems arises from the difference in boundary 

conditions. In subassemblies, the inflection points are enforced at 

the beam ends (see Figure 1(a)). As a result, the shear span is con-

stant regardless of the sign of the excursion. Conversely, the shear 

span in sub-systems depends on the magnitude of the sagging and 

hogging moments at the beam ends. It is larger than that in subas-

semblies under sagging bending and smaller under hogging bending. 

Based on the above discussion, the following two phenomena are 

used to explain the difference in the shear stud hysteretic behaviour 

between subassemblies and sub-systems. First, in sub-systems, the 

number of shear studs in the shear span is lower than that in the sub-

assemblies under hogging bending excursions and higher under sag-

ging bending excursions. Accordingly, the shear demand on the 

studs in sub-systems is higher than that in subassemblies under hog-

ging bending and lower under sagging bending. Second, in subas-

semblies, beams are free to shorten axially at their ends as local 

buckling progresses. Axial shortening in the subassembly beams 

pries the slab from the beams. Referring to Figure 5(a), the slip de-

mand on the shear studs under sagging bending, so
+ is increased by 

sprying and that under hogging bending, so
- is decreased by sprying. In 

contrast, sub-system beam axial shortening is limited as shown in 

Figure 5(b).  Note that at SDRs less than 2%, axial shortening is lim-

ited and the hysteretic behaviour of the shear studs coincide as 

shown in Figure 4(a,d). Once beam axial shortening becomes sub-

stantial in the subassemblies, a discrepancy in the behaviour of the 

shear studs is observed. Sub-systems better replicate the boundary 

conditions in real buildings than subassemblies. Therefore, the 

shear stud behaviour in sub-systems is deemed representative of 

those in composite-steel MRFs. 

 

  

a) SD b) SD 
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c) SS d) SS 

Figure 4 Comparison between sub-system and sub-assembly response: a, c) load-slip hysteretic response of the west beam shear stud nearest to the interior joint; b, d) 

flexural hysteretic response of the west beam  at the interior joint 

  

a) b) 

Figure 5 a) Effect of beam axial shortening on the slip demand of shear studs in a subassembly; b) comparison of west beam axial shortening in sub-system and subassembly 

SD

3.2 Response envelopes 

In the previous section, the hysteretic behaviour of the studs near 

the interior joint is assessed for sub-systems with deep and shallow 

beams. However, the demand at these locations may be low due to 

the presence of a slip restraint at the beam-column joints [15]. It is 

therefore necessary to investigate the maximum slip demand and 

shear strength of the studs along the composite-steel beams. 

Figure 6 shows the slip, s, and normalized shear strength, Q/Qu
± en-

velopes of the west beam studs at targeted lateral drift demands. 

Referring to Figure 6(b,d), the slip demand is lower (up to 3mm) in 

the studs near the joints than those further away from the joints. 

Contrary to the shear stud near the joints (see Figure 4(a)), in sub-

system SD, the shear studs within 0.2x/L and 0.6x/L experience a slip 

demand larger than 6mm at 2% SDR. Figure 6(c) shows that these 

studs experience severe strength degradation at 2% SDR and attain 

a zero shear strength at 4% SDR. On the other hand, the shear studs 

in sub-system SS do not experience slip demands exceeding 6mm 

even at 4% SDR. Shear stud strength degradation in sub-system SS 

initiates at 6% SDR (Figure 7(e)).   

Vis-à-vis the above discussion, and considering the uncertainty as-

sociated with the moment frame behaviour due to loss of composite 

action [2], the following design recommendations are proposed: (i) 

For composite-steel MRFs with deep beams (db ≥ 700mm), the 25% 

reduction in stud shear strength is required as recommended by de-

sign provisions [3,4]. Of course, this depends on the degree of com-

posite action as well. In EN 1998-1 [3], where the minimum degree 

of composite action is 80%, the shear strength reduction may not be 

critical. However, as a precaution against early stud failure, the 

strength reduction is required; (ii) for composite-steel MRFs with 

shallow beams (db ≤ 500mm), the behaviour of the shear studs is 

within that of ductile shear studs according to EN 1994-1-1. No re-

duction in the shear stud strength is recommended even for partially 

composite beams (~30%).

 
 

a) Definition 
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b) SD c) SD 

  

d) SS e) SS 

Figure 6 Response envelopes along the west beam at various lateral drift demands; b, d) stud slip envelope; c, e) stud shear force envelope

3.3 Influence of loading protocol 

The hysteretic behaviour of shear studs was examined under a sym-

metric cyclic lateral loading protocol. Although informative, this 

protocol overestimates the seismic demands in MRFs. Collapse-

consistent protocols [31,34,35] represent a more realistic alterna-

tive for estimating the seismic demands at large deformations asso-

ciated with structural collapse. For this reason, sub-system SD is sub-

jected to a collapse-consistent loading protocol developed by [31]. 

The protocol consists of an asymmetric drift demand that repre-

sents the “ratcheting” behaviour observed in MRFs prior to earth-

quake-induced collapse [36,37]. The hysteretic response of the west 

beam shear stud near the interior joint is compared between both 

protocols.   

Referring to Figure 7, under both loading protocols, the shear studs 

lose their capacity at 5% SDR. For similar drift values, the slip de-

mand is similar. Moreover, the rate of shear strength degradation is 

nearly the same. The loading protocol independency may be ex-

plained by the fact that cyclic degradation in the 19mm studs is min-

imal as shown in Figure 2. Having said that, if studs with larger diam-

eters were used (e.g. 22mm), shear stud strength cyclic degradation 

becomes significant [12] as does the effect of the loading protocol 

on the stud hysteretic behaviour. However, stud diameters exceed-

ing 19mm are not commonly used in European composite-steel 

MRFs in which shallow beams are employed. Furthermore, 

ANSI/AISC 341-16 [4] limits the stud diameter in composite-steel 

MRFs to 19mm. 

 

Figure 7 Load-slip hysteretic response of the west beam shear stud nearest to the 

interior joint – comparison between symmetric cyclic and collapse consistent load-

ing protocols 

4 Limitations 

It is worth noting that although the model is capable of capturing the 

non-linear load slip behaviour at the beam-slab interface, it is not 

void of limitations. The model cannot capture fracture of the stud-

to-beam welds. Furthemore, it does account for uplift or out-of-

plane forces acting on the studs. With regard to the shear stud de-

mand, the effects of gravity load are ignored. Nevertheless, they 

may not be significant since the additional loading of shear studs in 

one half is offset by a concurrent unloading in the other half [38]. 

5 Conclusions 

This paper investigates the hysteretic load-slip behaviour of shear 

studs in composite-steel MRFs. A detailed CFE model is proposed 

and validated for this purpose. The hysteretic behaviour of the shear 
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studs, as well as the interface shear/slip demands along the compo-

site-steel beam, is compared between subassemblies and sub-sys-

tems with two different beam depths. The main conclusions are: 

1. In composite-steel MRFs with shallow and partially com-

posite-steel beams, shear studs maintain their integrity at 

4% SDR. On the other hand, in deep beams, with a similar 

degree of composite action, shear studs experience higher 

slip demands and shear strength degradation even at 2% 

SDR. This is due to the higher seismic shear in sub-systems 

with deep beams.  

2. The behaviour of shear studs in sub-systems is more rep-

resentative than that in subassemblies. In the latter, axial 

shortening and the constant length of the shear span re-

sult in higher shear demand under sagging bending, and 

lower demand under hogging bending. 

3. The slip-restraint near the beam-to-column joints may 

lead to lower (up to 3mm) slip demand in the shear studs 

close to the column than those further away from the col-

umn. 

4. For composite-steel MRFs comprising shallow beams (db ≤ 

500mm), the 25% reduction in shear strength capacity 

proposed by seismic provisions [3,4] may be waived as 

long as ductile shear connectors are used.  

5. The hysteretic behaviour of shear studs commonly em-

ployed in composite-steel MRFs (≤19mm) does not seem 

to be influenced by the imposed loading history. 
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