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1 Introduction 

The idea behind the experimental work presented herein, 

which is part of [1], was to start from beam-to-column 

joint configurations commonly used in non-seismic or low-

seismicity areas and by applying on them the minimum 

necessary modifications to transform them into dissipative 

partial-strength joints that can be implemented in moment 

resisting frames located in areas of up to medium seismic-

ity. To achieve that, close attention was paid in the pre-

design stage to literature related to design for robustness 

and non-seismic areas, [2], [3], [4], [5], [6], [7], to liter-

ature for seismic design and design of dissipative joints 

[8], [9], literature for the design of joints [10], [11] and 

to the standards [12], [13], [14], [15], [16], [17]. Modi-

fications considered as necessary for double-sided internal 

joints are (i) the strengthening of the columns, possibly 

also use of stronger profile series, (ii) strengthening of 

welds and bolts, (iii) the application of strength hierarchy 

criteria to allow for activation of the connections and (iv) 

if possible the design of symmetrical connections. 

The specimens were designed with the help of the compo-

nent model as given in [12] and [13] and of a refined FEM 

model for all-steel joints, which provided the joint behav-

iour in the non-linear area. The exact parameter values 

used for the dimensioning of the specimens tested were 

extracted out of the FEM model results. 

In the following sections a short description of the experi-

ments, a part of the experimental results and some of the 

drawn conclusions together with a short critical discussion 

are given.  

2 Description of the tests 

2.1 Tested specimens  

The experimental series contained in total 3 all-steel and 

9 steel-concrete composite double-sided joints, see Table 

1 and 2. One of the composite joints, experiment No. 4 

see Table 2, was tested under monotonic static loading, 

whereas the rest were tested under quasi-static cyclic 

loading according to the loading protocol of [15], modified 

with 2 additional load steps at 25 mrad and 35 mrad (2 

load cycles at each step). The parameters varied were the 

column and beam profile section, the thickness of the end-

plate tep, the vertical distance of bolt rows e4, the rein-

forcement ratio ρ of the concrete slab, the distance be-

tween the first shear stud and the face of the column l and 

the number of bolt rows. More information about the in-

fluence of parameters on the response of the joints are 

ORIGINAL ARTICLE

Abstract 

The present paper deals with the seismic behaviour of bolted steel and steel-con-

crete composite partial-strength beam-to-column joints with endplate connections. 

In a series of experiments in total 12 two-sided internal joint specimens were tested, 

of which 3 were all-steel and 9 steel-concrete composite. For those, 5 parameters 

were varied, (i) thickness of endplate tep, (ii) vertical distance of T-stub bolt rows 

e4, (iii) distance of first shear stud to face of the endplate l, (iv) reinforcement 

ratio of concrete slab ρ and (v) number of bolt rows. The design of the specimens 

was performed with the help of both the component model as given in EN 1993-1-

8 and a FEM model. The chosen parameter values were optimised to provide, for 

given beam and column sections, an upper and lower limit regarding moment ca-

pacity and rotational stiffness, for sufficient energy dissipation and ductility. The 

experimental results show that the stiffness of the concrete slab leads to a signifi-

cantly different response of composite compared to all-steel joints, especially re-

garding rotational stiffness and capacity of the joint as well as flexural stiffness of 

the (composite) beams. The composite joints present an overall better seismic be-

haviour compared to all-steel ones. 

Keywords 

Steel-concrete composite, dissipative joints, partial-strength joints, seismic design 

Correspondence 

Dipl. Eng. Georgios Skarmoutsos 

University of Stuttgart 

Institute of Structural Design 

Pfaffenwaldring 7 

70569 Stuttgart 

Email: georgios.skarmoutsos@ke.uni-

stuttgart.de 

1 University of Stuttgart, Institute 

of Structural Design, Germany 

Proceedings  
in civil engineering

Proceedings  
in civil engineering

https://doi.org/10.1002/cepa.2363 wileyonlinelibrary.com/journal/cepa

 ce/papers 6 (2023), No. 3-4

2232

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which 

permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no 

modifications or adaptations are made. 

© 2023 The Authors. Published by Ernst & Sohn GmbH. 

mailto:georgios.skarmoutsos@ke.uni-stuttgart.d
mailto:georgios.skarmoutsos@ke.uni-stuttgart.d


available in [18]. 

Table 1 Conventions – name of specimens 

Column Beam tep e4 l ρ 
Bolt 

rows 

HEA300-HA30 

Steel or  

Composite 

IPE300-I30 

Steel or 

Composite 

(in mm)  3 or 4 

Table 2 Tested specimens 

Specimens (Steel grade S355J2 – Concrete class C30/37) 

1 HB30S-HA24S-15-100 7 HA30Cst-I30C-20-100-450-ρ2 

2 HB30S-HA24S-20-100 8 HA30Cst-I30C-15-100-450-ρ1 

3 HB30S-HA24S-20-130 9 HA30Cst-I30C-20-100-170-ρ2 

4 HA30C-I30C-20-150-450-ρ2 10 HA30Cst-I30C-20-150-170-ρ2 

5 HA30S-I30C-20-150-450-ρ2 11 HA30Cst-I30C-15-100-450-ρ2 

6 HA30C-I30C-20-150-450-ρ2 12 HA30S-I30C-15-100-450-ρ2-3br 

 

2.2 Test setup & instrumentation 

 

Figure 1 Measurement equipment, boundary conditions and type of 

beam-to-endplate welds. 

In total around 60 channels per experiment were used for 

approximately 48 strain gauges, 8 transducers and 5 incli-

nometers, see Figure 1, providing the stress and defor-

mation state for nearly every component of the connec-

tion. The contribution of the components panel zone, in 

terms of γ, and beam 𝜃𝑏, see Figure 2, to the total joint 

rotation 𝜃𝑡𝑜𝑡𝑎𝑙 presented in the following section 3.3 were 

calculated according to the following equations: 

𝛾 = 𝜃𝑡𝑜𝑡𝑎𝑙 − 𝑖𝑛𝑐𝑚𝑐𝑜𝑙𝑝𝑧              (1) 

𝜃𝑏 = 𝑖𝑛𝑐𝑚𝑏𝑒𝑎𝑚                          (2) 

Where incmbeam and incmcolpz stand for the measurements 

of the inclinometers applied on the beam and column panel 

zone, respectively. Hence, the rotation angle of the com-

posite beam due to shear deformation of the web panel 

has been neglected. The derivation of θpz and θc, as given 

in [19] see Figure 2, is in development. 

 

Figure 2 Explanation of θc, θb, θpz and γ according to [19]. 

 

Figure 3 Concrete slab steel reinforcement arrangement in the area of 

connection, use of polysterene for the construction of an opening in the 

concrete slab around the column, see also Figure 14. 

3 Experimental results 

3.1 All-steel joints 

All 3 tested all-steel joints presented a very ductile behav-

iour, reaching rotations far further than the minimum plas-

tic rotation capacity of 15 mrad and 25 mrad, see Figure 

4, required by [14] for areas of low and medium seismic-

ity. Through the use of larger bolt diameters, M30, the 

premature failure of the bolts was successfully prevented, 

while the design of the beam-to-column welds according 

to [9] successfully prevented an early failure of the welds.  

Interesting conclusions have also been drawn for the be-

haviour of the bolts in endplate connections and under 

large deformations of the endplate. The need for a ductility 

criterion that considers aside from the strength also the 

deformation capacity of the connection and of its compo-

nents (mainly bolts and endplates), for the cases where 

high connection ductility is required, is expressed in [18].  

 

Figure 4 Comparison of M-θtotal curves for experiments No. 2 & No. 3. 

Good dissipative and highly ductile behaviour for both experiments, 

formation of plastic hinge in the beams for experiment No. 2 is of ad-

vantage in terms of energy dissipation and ductility. 

Although the tested partial-strength all-steel joints exhib-

ited a very ductile behaviour, it should be noted that the 

dissipative behaviour started for values higher than 𝜃𝑡𝑜𝑡𝑎𝑙 =

20 𝑚𝑟𝑎𝑑. Use of larger steel profiles with increased flexural 
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stiffness could possibly allow for reduced vertical deflec-

tion of the beams and earlier activation of the endplates. 

The vertical deflection in the middle of the beam length of 

an all-steel joint (here plotted up to 45 mrad), experiment 

No. 2, compared to those of a composite joint, experiment 

No.9, are given in Figure 5. 

 

Figure 5 Measured beam deflection in the middle of beam’s length for 

an all steel joint, No. 2, and a composite one, No. 9. Concrete slab 

significantly restrains the rotation of composite beam and endplates. 

Regarding all-steel joints the components of endplate, 

beams, panel zone and column have been activated, with 

the endplates and the panel zone having the major contri-

butions. The contribution of the different components will 

be presented only for some of the composite specimens in 

Chapter 3.3. 

3.2 Composite steel-concrete joints 

 
(a) 

 
(b) 

Figure 6 (a) Composite column configuration, intended to satisfy 

also normative requirements for fire safety. (b) all-steel column 

configuration with supplementary web plates and stiffeners. 

Regarding the tested steel-concrete composite joints, their 

seismic behaviour strongly depends on the column config-

uration used in each of the specimens. More specifically, 

originally 2 column configurations were planned, one with 

a steel HEA300 profile including also supplementary web 

plates and stiffeners, see Figure 6b, and another as com-

posite configuration. The composite configuration was a 

partially encased concrete filled HEA300 with additionally 

longitudinal rebars, stirrups running through the column 

web and shear studs in the area of connection both on the 

column flanges and web. The latter configuration was in-

tended to satisfy also normative requirements for fire 

safety. A sketch of the composite column configuration, 

without the concrete infill, is given in Figure 6a.  

After testing the first two specimens with composite col-

umn configuration, No. 4 and 6, it was observed that alt-

hough the steel reinforcement and shear studs on flanges 

and web of the column effectively prevented any signifi-

cant cracks in the concrete core up to at least 𝜃𝑡𝑜𝑡𝑎𝑙 =

45 𝑚𝑟𝑎𝑑, the stiffness of the column web panel zone was 

inadequate to allow for a proper activation of the connec-

tion. 

 

Figure 7 Comparison of M-θtotal curves for experiments No. 6 (compo-

site column) & No. 9 (stiffened composite column). 𝑀𝑒𝑥𝑝.𝑛𝑜.6
+ ≈ 0,6 ∙

𝑀𝑒𝑥𝑝.𝑛𝑜.9
+ . Weak column web panel zone of experiment No. 6 does not 

allow for full activation of the connection, see also Figure 8a.  

For the above reason, it was decided to strengthen the rest 

of composite columns with additional cover plates welded 

on the outer side of the column flanges, see Figure 8b. 

This strengthening was judged as necessary in order to 

activate the connection and to render it the weakest com-

ponent of the joint, but also in order to conform with basic 

principles of seismic design. In such way, the tested col-

umn configurations for the composite specimens were 

raised to 3: (i) all-steel HEA300 stiffened with supplemen-

tary web plates and stiffeners, see Figure 6b, (ii) steel-

concrete composite columns, see Figure 6a & 8a, (iii) com-

posite columns of the latter (2nd) configuration stiffened 

with additional cover plates on both sides, see Figure 8b. 

The M-θ curve of specimen No. 6 (composite column) com-

pared to a similar specimen with stiffened composite col-

umn, No. 9 is given in Figure 7 (Mc → measured moment 

of connection at column centreline). In fact, experiment 

No. 6 reached significantly lower values of moment 

𝑀𝑒𝑥𝑝.𝑛𝑜.6
+ ≈ 0,6 ∙ 𝑀𝑒𝑥𝑝.𝑛𝑜.9

+ , while testing was continued up to 

𝜃𝑡𝑜𝑡𝑎𝑙 = 100 𝑚𝑟𝑎𝑑 without mechanical failure of the connec-

tion or elsewhere, but with severe plastic deformations in 

the column panel zone, see Figure 8a and 7. On the con-

trary specimen No. 9 failed after having reached the mo-

ment capacity of the connection for 𝜃𝑡𝑜𝑡𝑎𝑙 = 50 𝑚𝑟𝑎𝑑, see 

 
(a) 

 
(b) 

Figure 8 (a) Deformation of joint No. 6 at 𝜃𝑡𝑜𝑡𝑎𝑙 = 90 𝑚𝑟𝑎𝑑. Soft be-

haviour of the panel zone. (b) deformation of joint No. 9 at 𝜃𝑡𝑜𝑡𝑎𝑙 =

45 𝑚𝑟𝑎𝑑. → stiffening of the composite column allowed for full acti-

vation of the connection → column stronger than connection. 
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Chapter 3.4.2 for failure mode and Chapter 3.3 for the 

contribution of the components to the total rotation. It 

should be noted that the requirement regarding minimum 

plastic rotation capacity of 𝜃𝑝𝑙𝑎𝑠𝑡𝑖𝑐 = 25 𝑚𝑟𝑎𝑑 for partial 

strength joints implemented in medium seismicity areas 

according to [14] was satisfied by specimen No. 9. The 

hysteretic behaviour of the rest of composite specimens 

with stiffened composite column was generally similar to 

the one presented for experiment No. 9. Nevertheless, a 

distinct influence of the parameters has been observed 

through a systematic comparison between the experi-

ments No. 7-11, see Table 1 and 2. A further study of the 

latter parameters with the help of FEM models will be part 

of [19]. 

Additionally, the behaviour of composite joints with 3 and 

4 bolt rows was investigated with the help of experiments 

No. 5 and 12. Though for the 2 specimens the values of tep 

and e4 are not identical, based on the rest experimental 

results, the number of bolt rows can be safely considered 

as the parameter with governing influence. The M-θtotal 

curves of experiments No. 5 and 12 are given in Figure 9. 

 

Figure 9 Comparison of M-θtotal curves for experiments No. 5 (3 bolt 

rows) & No. 12 (4 bolt rows). Lower sagging moments for experiment 

No. 12 but overall good hysteretic behaviour.  

3.3 Contribution of the components beam & panel 

zone to the total rotation 

Referring to the component contribution for the composite 

joints using the 1st column configuration (steel HEA300) 

there has been a sufficient activation of both the column 

web panel zone and the connection. Both specimens No. 

12 (3 bolt rows) and No. 5 (4 bolt rows) showed an overall 

good hysteretic behaviour. The M-θb and M-γ curves for 

specimen No. 12 is given in Figure 10. 

 

Figure 10 Contribution of the beam rotation and panel zone defor-

mation, expressed through γ, to the total rotation of the joint.  

The increased asymmetry of the composite connection 

through the use of 3 instead of 4 bolt rows in experiment 

No. 12 led to lower moment capacities for the connection 

under sagging moments but nevertheless, it showed a 

good dissipative behaviour with a good potential for use in 

low to medium seismicity areas. Especially, considering 

the under circumstances unexploited higher moment ca-

pacity for sagging moments of connections with 4 bolt 

rows, see also [18].  

 
Figure 11 Contribution of the beam rotation and panel zone defor-

mation, expressed through γ, to the total rotation of the joint. Stiffen-

ing of the column provided a strong column web panel which remained 

elastic throughout the test and allowed for full activation of the con-

nection and subsequent investigation of its strength, stiffness and dis-

sipative behaviour.  

The contribution of panel zone and beam to the total rota-

tion of the joint for a composite specimen, No. 9, is given 

in Figure 11. Additionally to the aforementioned contribu-

tions, also the concrete area around the shear studs and 

the studs themselves contribute to the hysteretic behav-

iour of the joint. That contribution was not measured 

herein and represents an additional source of energy dis-

sipation. The concrete area around the first up to the third 

shear stud also was where the first cracks in the concrete 

slab formed, starting already from the first load step of 

𝜃𝑡𝑜𝑡𝑎𝑙 = 3,75 𝑚𝑟𝑎𝑑. 

3.4 Failure mode 

3.4.1 All-steel joints 

Specimens No. 1 and No. 3 failed at 𝜃𝑡𝑜𝑡𝑎𝑙 = 70 𝑚𝑟𝑎𝑑 and 

𝜃𝑡𝑜𝑡𝑎𝑙 = 110 𝑚𝑟𝑎𝑑 respectively. First a crack in the area of 

beam flange to endplate weld formed at 𝜃𝑡𝑜𝑡𝑎𝑙 = (60 −

70) 𝑚𝑟𝑎𝑑, on the side of the endplate, without significant 

reduction of the moment strength. For very high rotation 

angles 𝜃𝑡𝑜𝑡𝑎𝑙 > 70 𝑚𝑟𝑎𝑑 also bolt failures were observed. In 

the case of experiment No. 2, after the formation of a 

crack in the endplate, similar to experiment No. 1 and No. 

3, a full plastic hinge formed in the beam. The test of ex-

periment No. 2 was stopped at 𝜃𝑡𝑜𝑡𝑎𝑙 = 135 𝑚𝑟𝑎𝑑, where the 

decrease at the moment was 𝑀 ≈ 0,75𝑀𝑢𝑙𝑡.,𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛. 

3.4.2 Composite joints 

Aside from the specimens No. 4 and 6 (unstiffened com-

posite column), all other composite specimens failed with 

the formation of a crack in the area of beam flange to end-

plate welds on the side of beam flanges. The crack was 

initiated at around 𝜃𝑡𝑜𝑡𝑎𝑙 = 40 𝑚𝑟𝑎𝑑, see Figure 12a, and de-

veloped until failure of the composite beam’s steel section 

at maximum 𝜃𝑡𝑜𝑡𝑎𝑙 = 60 𝑚𝑟𝑎𝑑, see Figure 12b. Failure crite-
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rion was the formation of a crack longer than 2cm. Speci-

mens tested at higher than the latter load steps showed a 

rapid development of the crack throughout the entire 

height of the steel beam section, see Figure 13a and 13b, 

while the concrete slab preserved its strength. 

 
(a) 

 
(b) 

Figure 12 (a) Crack initiation at a rotation of 𝜃𝑡𝑜𝑡𝑎𝑙 = 40 𝑚𝑟𝑎𝑑 – weld 

at lower beam flange to endplate (b) crack propagation at a rotation 

of 𝜃𝑡𝑜𝑡𝑎𝑙 = 45 𝑚𝑟𝑎𝑑. 

 
(a) 

 
(b) 

Figure 13 Crack grows throughout the entire height of the steel 

section of the composite beam for 𝜃𝑡𝑜𝑡𝑎𝑙 > 60 𝑚𝑟𝑎𝑑. 

 

Figure 14 Concrete crushing in the area of connection after the end of 

experiment No.10. Placement of first shear stud close to face of column 

→ more intensive concrete cracking and crushing (at concrete cover). 

The main cracks of the concrete slab were developed in 

the area around the shear studs, especially at the first up 

to third stud, and in the proximity of the connection where 

also concrete crushing of the concrete cover was observed, 

see Figure 14. The cracks of the concrete slab were gen-

erally of medium intensity, without significantly affecting 

its structural integrity. 

4 Conclusions and critical discussion 

The tested all-steel joints showed a highly ductile and good 

dissipative behaviour. The thickness of endplate tep and 

the vertical distance of the T-stub bolt rows e4 were proven 

again, see [3] and [6], to have a significant influence on 

the joints´ behaviour. The variation of their values influ-

ences both the mechanical characteristics of the joints and 

their failure mode. Their good dissipative behaviour allows 

their use as dissipative joints in moment resisting frames 

of seismic resistant structures. Additionally, their highly 

ductile behaviour opens the possibility for application in 

structures designed for robustness, where alternative load 

paths are enabled after extreme events, e.g. loss of a col-

umn or even for multi-hazard scenarios as those described 

in [20]. The delayed activation of their hysteretic behav-

iour can possibly be dealt with larger beam profile sizes.  

The tested composite joints on the other hand profited 

from the increased flexural stiffness of the composite 

beam. Their hysteretic behaviour started from 𝜃𝑡𝑜𝑡𝑎𝑙 =

10 𝑚𝑟𝑎𝑑 and continued up to at least 𝜃𝑡𝑜𝑡𝑎𝑙 = 45 𝑚𝑟𝑎𝑑. In 

such way, the energy dissipation capacity of the tested 

joints could be realistically and safely exploited in moment 

resisting frames of a real steel-concrete composite struc-

ture located in a low-to-medium seismicity area. The opti-

misation of the composite joints presented here, by means 

of a haunch on the lower side of the joint in combination 

with a weaker concrete slab that allows for a better acti-

vation of the endplate can provide higher levels of energy 

dissipation and ductility that are required in high-seismic-

ity areas.  

Referring to the columns of the composite specimens, the 

stiffened composite configuration performed well, had a 

strong web panel and allowed for full activation of the con-

nections. The all-steel stiffened one presented also a good 

performance, with a balanced column web panel zone that 

contributed to the energy dissipation. The composite col-

umn configuration effectively prevented significant crack-

ing in the concrete core for up to at least 𝜃𝑡𝑜𝑡𝑎𝑙 = 45 𝑚𝑟𝑎𝑑 

but did not allow for full activation of connection. It needs 

improvements, further investigations should use stronger 

steel profile series, i.e. HEB or HEM series for the column.  

A report for the 12 tests will become available in [1]. Ad-

ditionally, FEM models of both the all-steel and composite 

joints together with different parameter studies, a meth-

odology for the design of partial-strength joints as dissi-

pative ones and a ductility criterion, based on a defor-

mation capacity approach, for partial-strength joints with 

a failure mode 2 are in preparation in [19]. 
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