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Abstract 

This paper presents static and dynamic tests on nominally-pinned steel joints equipped with 

novel structural details for progressive collapse mitigation. The proposed structural details 

utilise the exceptional ductility and strength of stainless steel pins to enhance both the tie 

force and the rotational capacity of a vulnerable steel joint. The stainless steel pins along with 

additional supporting elements are installed in the joint region without interfering with the 

design for gravity loads, and they can be used for both new designs and to retrofit existing 

steel buildings. A static test on a vulnerable industry-standard steel fin-plate connection is 

first presented followed by two static tests on the same connection retrofitted with the 

proposed structural details. The retrofitted connections were subsequently tested under 

dynamic conditions with increasing imposed loading using a test setup that simulates a 

sudden column loss scenario. The test results showed that nominally-pinned joints equipped 

with the proposed structural details can achieve the required tie force capacity while 

undergoing rotations larger than 0.2 radians. Analytical equations based on simple joint 

equilibrium are used to validate the results of the static tests. An analytical method based on 

the energy conservation principle is also proposed and comparison with the dynamic tests 

shows very good predictive capability when the assumed loss of energy is 22%. 



1. Introduction 

The protection of critical multi-storey buildings against progressive collapse is becoming 

increasingly important. Progressive collapse is a particular condition in which a local 

damage, such as a failure of a primary structural element, can trigger the collapse of the entire 

building or a large portion of it, resulting in an event of disproportionate consequences. 

Several studies have highlighted the vulnerability of steel framed structures, pointing at the 

beam-column joints as the weakest components [1, 2]. Nominally pinned beam-column joints 

are the preferred connection type in buildings located in non-seismic areas due to their 

simplicity, but they are also widely used in the gravity frames of seismically-designed steel 

buildings. Previous research works [1, 3] have shown that structures with flexible fin-plate 

joints are vulnerable to collapse, even if the design comply with the tie force requirements 

according to Eurocode 1 [4]. Dynamic tests have shown that strain rate further reduces the 

ductility of steel joints [5]. In addition, experimental and numerical research has shown the 

vulnerability to progressive collapse of composite floor systems with shear connections even 

if membrane action is considered [6, 7, 8]. In case of an instantaneous loss of a vertical 

support member, these joints are not able to transfer the gravity loads to the adjacent columns 

because of the large ductility demand imposed to the connection. In general, it was observed 

that connections with moderate levels of ductility can fail before the development of tensile 

catenary action [9]. If large rotations are not taken into account at the design stage, vulnerable 

joints (such as nominally-pinned joints) could fail to achieve the required tie resistance [10, 

11, 12]. In [12] it was observed that, under a column loss scenario, the axial elongation 

imposed to a single-plate shear connection, can reduce its rotation capacity up to 62% with 

respect to the data obtained from seismic tests. The Unified Facilities Criteria [13] prescribe 

the required tie resistance at a joint rotation equal to 0.2 rad, which is considerably bigger 

than the typical joint rotation capacity.  

Thus, there is a clear need for new systems capable of increasing structural robustness of 

nominally pinned joints of new and existing buildings, which are widely used in both high 

and low seismicity areas. Conventional solutions such as oversizing the connection or the 

provision of additional reinforcements in the concrete slab have been proposed [14] to 

increase the joint strength and ductility. Full-strength moment resisting joints, having a larger 

ductility [15, 16], can provide a better performance against progressive collapse. Innovative 

systems that consist in the addition of specific structural details, have also been developed 



[17, 18, 19]. However, most of the devised technologies are either expensive or suitable only 

for new constructions, and the available literature about retrofitting schemes for progressive 

collapse is very limited. 

The authors have previously proposed a steel joint that comprises a set of novel structural 

details that can be used to design steel buildings or retrofit existing ones for superior 

robustness against progressive collapse [20]. The novel structural details utilise stainless steel 

pins (SSPs), which are optimized elements that have shown exceptional performance in terms 

of strength, post-yield stiffness and ductility in previous tests [21, 22]. The SSPs along with a 

set of additional steel plates are strategically placed at a beam-column joint to significantly 

increase the tie resistance in both directions while the joint undergoes significant rotation in a 

loss of column scenario. The superiority of the proposed joint is based on two main features: 

a) the fact that the design for robustness does not interfere with the design for gravity loads 

and is carried out independently, and b) the structural details can be applied both to new 

buildings and to retrofit existing ones. Furthermore, no welding is needed to install the SSPs 

and all the parts can be shop-fabricated. The novel structural details can be applied to any 

connection typology that needs to be designed for enhanced robustness, regardless of the joint 

classification (simple, semi-rigid or rigid). The specific dimensions should be evaluated on 

the basis of a specific joint configuration, depending on the geometrical restrictions and the 

structural layout. 

In a pilot study presented in Ghorbanzadeh et al. (2019) [20] various geometries of SSPs 

were experimentally and numerically evaluated under excessive monotonic loading, fracture 

models have been calibrated, and the novel scheme was evaluated using previous vulnerable 

joints as case studies using detailed numerical simulations. This paper presents a large-scale 

experimental validation of the novel retrofit scheme. A vulnerable fin-plate joint is first tested 

under a column loss scenario to serve as reference. The joint is then retrofitted using the 

proposed structural details and tested under both quasi-static loading and dynamic loading 

conditions following sudden column removal. Analytical expressions to predict the maximum 

static or dynamic displacement are proposed and compared with the experimental results. 

2. Description of the novel joint 

2.1 Joint description 



Fig. 1 presents the proposed structural details in the case of a peripheral central column for 

full-depth end plate (Fig. 1b) and fin plate (Fig. 1c) joints. In the main beam direction (items 

1) the tie force is provided at early stages by the full-depth end plates (items 6) and for large 

displacements by the SSPs (items 4) installed at the centre of the beams section and linked by 

two supporting plates (items 3) passing through the column flanges and the web of the 

transversal beam. In the perpendicular direction the secondary beam (item 2) is connected to 

the column through the full-depth end plate and two SSPs (items 5) placed close to the top 

and bottom flanges of the beam. The assembly is completed by securing the SSPs, which are 

threaded at their external portions, with nuts to avoid axial sliding and, if needed, by welding 

additional reinforcing plates (items 7) around the holes of the beam webs to resist the 

increased bearing forces. Note that the circular and rectangular holes cut in the web of the 

main and secondary beams are oversized. This allows for the activation of the designed 

system only in case of an extreme event, avoiding any interference in case of rotation of the 

beam under serviceability conditions due to gravity or wind loads. In a column removal 

scenario the catenary action is provided by the elasto-plastic bending of the SSPs (see Fig. 

2a). 

The structural details can be adopted for both existing and new buildings. For retrofitting 

purposes some constructional site works, consisting of drilling and cutting the holes, are 

required. If the application is for new buildings, pre-shaped beams and columns, where the 

holes are pre-fabricated, should be adopted. For both cases, at the site, the supporting plates 

must be laid through the rectangular holes of the column flanges and cross the web of the 

secondary beam. Next, the SSPs will be installed passing through the supporting plates and 

the web of the main beams. Finally, it is necessary to place the SSPs in the transverse 

direction passing through the circular holes of the column flanges and the secondary beam 

web (see Fig. 1a). 

2.2 Description of SSPs 

The geometric properties of an SSP, including the external diameter, De, internal diameter, 

Di, and length of the bending part, LSSP, are shown in Fig. 2b. Due to their stable hysteretic 

behaviour, large energy-dissipation and high fracture capacity, SSPs were used as an energy 

dissipating system in self-centering moment resisting frames [23] and [24], and braced 

frames [22]. Under cyclic inelastic loading, as in the case of seismic conditions, the SSPs are 

optimised because the hourglass shape results in a constant profile of curvature and 



distributes the plastic deformations uniformly along the length of the SSP. This geometrical 

configuration delays fracture and increases the energy dissipation [21]. 

In [20] the monotonic fracture capacity of SSPs was investigated both experimentally and 

numerically. It was reported that, depending on their geometry, SSPs could sustain an 

imposed displacement multiple times larger than their yield displacement prior to fracture (up 

to 53 times). At the same time the over-strength factor, measured as the ratio between peak 

and yielding load, resulted between 5.5 and 16, demonstrating their high post-yield stiffness. 

The same study showed that SSPs with a uniform cylindrical bending part, i.e. a shape with 

Di= De, are more efficient for progressive collapse mitigation, contrary to seismic loading 

applications where hourglass-shaped SSPs should be preferred. This is because, a loss of 

column scenario in a building imposes an excessively high monotonic displacement demand 

on an SSP, which means that at large displacements the force is predominantly resisted by 

axial tension in the SSP. Thus, a larger area means higher resistance and bigger ductility. It 

should be noted, however, that both hourglass-shaped and uniform SSPs were proven to be 

effective in resisting large tie forces and achieving the required displacement capacity [20]. 

Figs. 3a and 3b show typical force versus displacement responses of hourglass-shaped and 

uniform SSPs, while Figs. 3c and 3d show the observed fracture locations. In all the 

presented cases LSSP was 100 mm. For the first set of tests De was 26 mm and Di was 26, 21, 

and 17 mm; for the second set De was 31 mm and Di was 31, 25 and 21 mm [20]. 

3. Experimental programme 

3.1 Prototype building 

A typical multi-storey steel-framed structure with a bay and span length of 9.875×6 m was 

selected to investigate its structural response in case of a column removal. The permanent and 

imposed loads are both equal to 4 kN/m2 for a typical floor of the building. Fig. 4 shows the 

layout of the reference building with the position of the subassembly selected for the 

experiments. The members and the fin-plate connections were designed according to the 

relevant Eurocodes [4, 25 and 26]. The test specimens were scaled down to meet space 

restrictions in the laboratory, applying appropriate similitude conditions [8]. Linear scale 

factor, SL equal to 0.6076, was adopted for the dimensions of the structural grid; for beams 

and columns different scale factors were applied depending on the corresponding section 

property (SA= SL
2 for cross-sectional area, SW= SL

3 for section modulus and SI= SL
4 for 



moment of inertia). The same values of the distributed loads were considered to maintain a 

consistent state of stress between full-scale and reduced-scale prototype building. 

3.2 Static and dynamic test setups 

For an internal column loss scenario, the deformed shape and the distribution of the internal 

forces are anti-symmetric. As the inflection points are located at the mid-length of the beams, 

the mechanics of the problem can be studied representing only half of the beam span and 

assuming pinned supports at the ends, as shown in Fig. 5. This simplified scheme provides 

equivalent results in terms of internal forces and rotation capacity in the connections as the 

ones in a sub-frame test [10]. Fig. 5 also shows the specimen setup and the relevant 

dimensions.  

Two different test setups were used to investigate the structural behaviour of the specimens 

under static and dynamic conditions. Fig. 6 shows the setup used for the static tests on 

Specimens 1, 2 and 3. An external load was applied on the central column by means of a 

hydraulic actuator fixed on a vertical reaction frame connected to the strong floor. The beams 

were supported by two horizontal reaction frames using two pins, as indicated in Fig. 6. To 

limit any sliding or lifting, each of the horizontal reaction frames was connected to the strong 

floor by means of two shear pins and eight high strength bars, six of which were post-

tensioned to a tensile force of 1,800 kN.  

A lateral restraining system was used at the mid-span of each beam to prevent out-of-plane 

movement. It consisted of two pairs of steel uprights placed next to the beams and the 

corresponding rollers attached on the beams to allow vertical sliding with minimum friction. 

Fig. 7a shows this detail.  

Considering that in a real building a joint will not rotate either in- or out-of-plane due to the 

vertical continuity of the columns, an in-plane rotation restraining system was also added to 

allow only for the downward movement of the column. It consisted of two 40 mm-diameter 

rods crossing the column web and bearing against two sets of vertical steel restrainers placed 

on each side of the central column, as shown in Fig. 7b. 

Fig. 8 shows the dynamic test setup used for Specimens 4, 5 and 6. The capacity of the 

system was evaluated under dynamic conditions by means of a quick release mechanism [27]. 

The internal column was firstly supported by a temporary device, then each specimen was 

loaded using a number of concrete blocks resting on top of the beams and, finally, the support 



was suddenly removed. To simulate the gravitational loads, up to four concrete blocks having 

a size of 2.2x1.2x0.3 m, for an approximate weight of 19 kN each, were placed on the top of 

each beam and secured using vertical steel rods passing through the beam flanges. A lateral 

restraining system was also placed at each side of the concrete blocks to inhibit any out-of-

plane movement (Fig. 8). Before the test, the column was hung to an external fixed frame by 

means of a 1 m-length milled steel threaded bar M20 Grade 8.8. Initially the rod sustained the 

specimen at mid-span (Fig. 9a), passing through: i) the horizontal beam of the frame 

(composed by 2 coupled channel profiles having a gap of 25 mm); ii) the hole of a double-

acting hydraulic cylinder; and iii) a load cell placed in series with the hydraulic jack. At this 

stage the tensile load in the rod corresponded to the tributary load of the column that 

continued to be in static equilibrium. Increasing the pressure, the hydraulic cylinder induced a 

slight lifting of the column. Once the column reached the contact with the lower flanges of 

the supporting beams, a further increment in the pressure produced an increase in the tensile 

axial force in the rod until it reached its ultimate strength. At this stage the rod ‘snaps’, i.e. 

fractures suddenly, triggering the sudden column fall due to gravity (Fig. 9b). 

3.3 Specimen design 

Each specimen consisted of two UB 305×165×46 beam sections connected to a short 

UC 254×254×107 column section using an 190x70x6 mm fin plate with three M14 8.8 bolts 

on each side. The fin plate connection was designed according to Eurocodes 1 [4] and 3 [26], 

with safety factors equal to one and adopting the actual values of the materials' strength, to 

provide a minimum tie force capacity for robustness against accidental actions (e.g. 

progressive collapse). The theoretical failure mode of a typical fin plate was governed by 

distortion of the bolt holes in bearing and had a nominal bolt shear resistance and bearing 

resistance equal to VRd= 157 kN and 107 kN, respectively. The actual tie force capacity of the 

fin plate was 149 kN. Fig. 10a shows the fin-plate joint details.  

Specimen 1 was the un-retrofitted joint whereas the other specimens were retrofitted with the 

proposed structural details. Specimens 2, 4, and 5 were retrofitted using two SSPs with 

dimensions De= 28, Di= 18 and LSSP= 75 mm, one at each side of the column, as shown in 

Fig. 10b. Specimen 3 was retrofitted with four smaller SSPs with dimensions De= 22, Di= 15 

and LSSP= 75 mm, two at each side of the column, as shown in Fig. 10c. Specimen 6 was 

equipped with a total of two cylindrical SSPs, i.e. with uniform, not hourglass, bending parts, 

with De= Di= 31 mm and LSSP= 78 mm (Fig. 10d). The supporting plates on each of the 



retrofitted specimens had a height hsp= 100 mm and thickness tsp= 35 mm. Reinforcing plates 

of thickness trp= 6 mm were welded on both sides of the beam webs around the holes to 

increase the bearing resistance. Table 1 summarises the specimens’ specifications. The reason 

for choosing SSPs with hourglass shape in Specimens 2 and 3 was associated with the space 

limitation in the Lab, as hourglass-shaped pins have a smaller fracture displacement than their 

cylindrical counterparts [20] and therefore this choice was made to ensure that the SSPs in 

the static tests fracture before the column gets in contact with the strong floor.  

The SSPs' geometry was derived from a combined force-displacement design criterion. The 

SSPs’ performance was assessed against the requirements for tie force and ductility 

prescribed by the UFC guidelines [13] because they are more prescriptive and specify a 

minimum rotation capacity of the joint. For the design of the joints tested under static 

conditions, the required tie force that the SSPs should sustain was firstly calculated, based on 

UFC, as: 

𝑇𝑇SSP = 3𝑤𝑤f𝐿𝐿1𝐿𝐿2 (1) 

where 𝑤𝑤f= 6.8 kN/m2 is the floor load for the load combination of 1.2 Dead Load + 0.5 Live 

Load [13], L1 is the greater of the distances between the centres of the columns in the 

direction under consideration, therefore equal to 6 m, and L2 is the mean transverse spacing 

of the adjacent spans, equal to 1.8 m, resulting in TSSP= 223 kN. Applying a safety factor of 

1.1, the required peak load for each SSP, Fp,min= 1.1xTSSP/nSSP, is equal to 245 kN and 123 kN 

for Specimens 2 and 3, respectively, where nSSP is the number of SSPs at each side of the 

joint.  

At the same time, the target rotation of the joint was set at 0.2 rad as per the UFC [13]. This 

requirement corresponds to a minimum displacement, δf,min, equal to 53.7 mm, calculated 

taking into account the deformed configuration of the structure and presented in detail in 

[20]. This is the total horizontal displacement at the joint level for the required rotation. 

Taking into account that there is a gap, δg, between the SSPs and the oversized hole in the 

beam web, as shown in Fig. 11, the displacement demand of an SSP for the joint to reach 0.2 

rad is: 

𝛿𝛿p,min = 𝛿𝛿f,min − 𝛿𝛿g (2) 

Considering that, for all the hourglass shaped SSPs, LSSP has a fixed value of 75 mm based on 

the available space in the joint, different combinations of De and Di were investigated to 



achieve the required peak force resisted by the SSPs, Fp> Fp,min, and the corresponding 

displacement, δp> δp,min. The dimensions of SSPs were decided based on the design procedure 

presented in [20] and complementary numerical analysis based on a FEM model that was 

constructed in Abaqus [28] and validated against experimental results in [20] to take into 

account the deformability of the supporting plates. For large deformations, the supporting 

plates are expected to undergo an inwards movement due to bending around their weak axis. 

This movement significantly increases both the peak and fracture displacement of an SSP. 

The beneficial effect of the supporting plates was taken into account to ensure that fracture 

would be experimentally observed in the static tests, and to avoid undesirable failure modes. 

Fig. 12a and 12c show the deformed shape at fracture of the hourglass-shaped SSPs as 

resulted from the above FEM model, while Fig. 12b and 12d show the SSPs' force-

displacement response, distinguishing between the Rigid case (where the contribution of the 

supporting plates is neglected) and the Deformable case (where the supporting plates are 

allowed to bend). In particular, for the bigger and the smaller SSPs, the increase in terms of 

peak force is 21% and 39%, while the ultimate displacement is increased by a factor of 1.24 

and 1.47, respectively. The strength and displacement values are indicated in the graphs of 

Fig. 12, i.e. 364 kN and 55.7 mm for Specimen 2 and 255 (x2 SSPs= 510 kN) and 65 mm for 

Specimen 3. 

The same SSP geometry as the one used in Specimen 2 was adopted for Specimens 4 and 5 to 

obtain a consistent comparison between the static and dynamic behaviour of the joint. 

Specimen 6 was equipped with a cylindrical SSP geometry, and the design was based on an 

energy-based method that is presented in the next section. 

3.4 Energy based method for the prediction of the dynamic response 

A design approach based on the energy conservation principle was used to predict the 

behaviour of the dynamic tests. The method is based on the following energy equilibrium:  

𝑊𝑊ext = 𝐸𝐸TOT = 𝐸𝐸I + 𝐸𝐸D = 𝐸𝐸K + 𝐸𝐸A + 𝐸𝐸D (3) 

where: i) ETOT is the total energy equal to the external work, Wext; ii) EI is the actual amount 

of energy transferred to the specimen; iii) ED is the energy loss due to viscous-elasticity 

(inherent damping), friction and any other cause of dissipation relevant to the specific test 

setup; iv) EK is the kinetic energy; and v) EA is the energy adsorbed by the system calculated 

as the elastic strain energy, Eel, plus the energy dissipated by the fin plate connection, Efp, and 

SSPs, ESSP. The previous equation can be hence rewritten as:  



𝐸𝐸I = 𝑊𝑊ext − 𝐸𝐸D = 𝐸𝐸K + 𝐸𝐸el + 𝐸𝐸fp + 𝐸𝐸SSP (4) 

Considering that at the peak displacement the load carrying capacity is only provided by the 

catenary action, the deformed shape can be assumed as shown in Fig. 13. The previous 

equilibrium can then be evaluated on one half of the structure: i) the lost energy, ED, was 

conservatively assumed equal to zero at the design stage; ii) the kinetic energy at the point of 

maximum deflection was assumed to be zero; iii) the strain energy was related to the elastic 

energy stored in the beam, Eel,b, and in the supporting plates, Eel,sp; iv) the energy dissipated 

by the fin plate connection is calculated as a function of the area under the force-

displacement curve of the first un-retrofitted test (equal to 1.1 kJ); and v) the energy 

dissipated by the SSPs is based on the simplified elasto-plastic response shown in Fig. 11. 

Eq. 4 then reduces to: 

𝐸𝐸I = 𝑊𝑊ext = 𝐸𝐸el,b + 𝐸𝐸el,sp + 𝐸𝐸fp + 𝐸𝐸SSP (5) 

If, given an SSP, the corresponding simplified force-displacement diagram of Fig. 11 is 

known (i.e. 𝛿𝛿g, 𝛿𝛿y, 𝐹𝐹y and 𝐹𝐹p are all known), the energy dissipated by that SSP, ESSP, only 

depends on the level of displacement δ (= δSSP + δg):  

𝐸𝐸SSP = 𝑛𝑛SSP ∙ �
𝐹𝐹y ∙ 𝛿𝛿y

2
+

�𝐹𝐹y + 𝐹𝐹SSP� ∙ �𝛿𝛿 − �𝛿𝛿y + 𝛿𝛿g��
2

� (6) 

where FSSP is the horizontal force provided by one SSP, equal to: 

𝐹𝐹SSP = 𝐹𝐹y + 𝑘𝑘py ∙ �𝛿𝛿 − �𝛿𝛿y + 𝛿𝛿g�� (7) 

and δy and Fy correspond to the SSP’s yield point, and kpy is the post-yield stiffness. Based on 

the equilibrium of Fig. 13, Eel depends only on FSSP: 

𝐸𝐸el = 𝐸𝐸el,b + 𝐸𝐸el,sp =
𝑁𝑁b𝑑𝑑b

2
+ 2

𝑁𝑁sp𝑑𝑑sp

2

=
(𝑛𝑛SSP𝐹𝐹SSP𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2𝐿𝐿∗

2(𝐸𝐸𝐴𝐴b) +
2(𝑛𝑛SSP 𝐹𝐹SSP 2⁄ )2𝐿𝐿sp

4�𝐸𝐸𝐴𝐴sp�
 

(8) 

where Nb and Nsp are the axial forces in the beam and in one supporting plate, respectively, db 

and dsp are the corresponding elastic axial elongations, Ab and Asp are the corresponding 

cross-sectional areas, E= 200 GPa is the steel modulus of elasticity, θ= sin-1(𝛥𝛥/L*) is the 

beam chord rotation, and Lsp is the distance between the centre of two SSPs (in case of one 

SSP each side) or the average distance in case of more SSPs (see also Fig. 13).  



The external work is related to the weight acting on a single beam and can be calculated as 

the total weight of half specimen, W, due to structural self-weight and the imposed weight 

from the concrete blocks, multiplied by the corresponding vertical displacement, 𝛥𝛥G. 

Assuming that the resultant of the weight is located at a distance LG= L1/4= 1500 mm from 

the centre of rotation of the hinge and considering a triangular deformation mode, 𝛥𝛥G can be 

derived as a function of the beam span, L*, and the vertical deflection of the column, 𝛥𝛥, as: 

𝛥𝛥G= 𝛥𝛥 x (LG/L*), see also Fig. 13. Eq. 5 can be hence rewritten as: 

�𝑊𝑊𝛥𝛥
𝐿𝐿𝐺𝐺

𝐿𝐿∗ � = �
(𝑛𝑛SSP𝐹𝐹SSP𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2𝐿𝐿∗

2(𝐸𝐸𝐴𝐴b) + 2
(𝑛𝑛SSP𝐹𝐹SSP 2⁄ )2 𝐿𝐿sp 2⁄

2�𝐸𝐸𝐴𝐴sp�
�

+ 𝑛𝑛SSP �
𝐹𝐹y𝛿𝛿y

2
+

�𝐹𝐹y + 𝐹𝐹SSP� �𝛿𝛿 − �𝛿𝛿y + 𝛿𝛿g��
2

� + 𝐸𝐸fp 

(9) 

Since FSSP depends only on 𝛿𝛿 (from Eq. 7), there are only two unknowns in the previous 

equation, namely 𝛥𝛥 and 𝛿𝛿. Because, at large displacement, the relationship between the 

column vertical displacement, 𝛥𝛥, and the corresponding total horizontal displacement at joint 

level, δ, is governed by the following expression: 

𝛿𝛿 = 2𝐿𝐿∗ ∙ �𝑐𝑐𝑠𝑠𝑛𝑛 �
𝑐𝑐𝑠𝑠𝑛𝑛−1(𝛥𝛥/𝐿𝐿∗)

2
��

2

 (10) 

a unique solution, in terms of 𝛥𝛥 and 𝛿𝛿, can be obtained from Eqs. 9 and 10. In addition, FSSP 

and δSSP can be computed using the simplified elasto-plastic force-displacement response 

shown in Fig. 11 for the specific SSP geometry. Note that the values of FSSP and δSSP, 

computed on the basis of the energy based criterion, represent the demand imposed on the 

SSPs in terms of force and displacement, namely Fp,min and δp,min.  

The above procedure was applied to the design Specimen 6, as follows: 

1. The required tie force according to UFC was calculated using Eq. 1 and the actual 

weight from the four blocks imposed on each of the beams plus the self-weight, w= 7.14 

kN/m2, resulting in TSSP= 234 kN.  

2. The design tie force Td was then computed adopting a safety factor equal to 3 to 

provide a safety margin due to the uncertainties related to the dynamic amplification factor, 

resulting in Td= 702 kN.  



3. Cylindrical SSPs having 31 mm diameter and LSSP= 78 mm were selected to ensure 

Fp> Td. According to Eq. 14 in [20], the selected geometry is able to provide a maximum 

force, Fp,Rig, equal to 800 kN. The complementary FEM analyses shown in Fig. 14 resulted in 

an actual peak force Fp,Rig, and displacement, 𝛿𝛿p,Rig, equal to 865 kN and 110.0 mm for the 

‘Rigid case’; for the Deformable case the previous values are increased by 1.20 and 1.14, 

respectively, yielding Fp,Def= 1034 kN and 𝛿𝛿p,Def= 125.4 mm.  

4. A bilinear SSP force-displacement diagram is created having a yield and a peak point 

equal to (3.30 mm; 165 kN) and (125.4 mm; 1034 kN), respectively.  

5. The solution of Eqs. 9 and 10 under the hypothesis that ED= 0 results in 𝛿𝛿= 72.3 mm 

and 𝛥𝛥= 620 mm. Since 𝛿𝛿g= 5.0 mm, the horizontal relative displacement in the SSP is 𝛿𝛿SSP= 

67.3 mm, while FSSP= 620 kN using Eq. 7.  

6. Being 𝛿𝛿p≡ 𝛿𝛿p,Def= 125.4 mm bigger than the displacement demand, 𝛿𝛿SSP≡ 𝛿𝛿p,min= 67.3 

mm and Fp≡ Fp,Def= 1034 kN bigger than the required force in the SSP, FSSP≡ Fp,min= 620 

kN, the selected geometry is expected to withstand the applied load with a safety factor, 

𝐹𝐹p,Def/𝐹𝐹SSP, equal to 1.67. Assuming the supporting plates as not deformable, would result in 

a lower safety factor, equal to 1.40. 

In a general design case, the above procedure should be repeated with different SSP geometry 

if a lower safety factor is required or the SSPs selected do not satisfy the design checks. Table 

2 summarises the expected Fp and δp for the different SSPs, for both Rigid and Deformable 

scenarios. 

3.5 Loading – static and dynamic 

Three pseudo-static tests were firstly performed on Specimens 1, 2 and 3 using the test setup 

shown in Figs. 5 and 6. The experimental tests were conducted imposing a vertical 

displacement of increasing amplitude with a rate of 4 mm/min to the top of the column, up to 

the fracture of the bolts in the fin plate connection in Specimen 1 or the fracture of SSPs in 

Specimens 2 and 3. The load was applied by a hydraulic actuator with force and displacement 

capacities equal to 900 kN and 500 mm, respectively. Due to the geometrical characteristics 

of the SSPs, the expected vertical displacement at failure was bigger than the available 

displacement capacity of the actuator; therefore, when the applied displacement reached 

around 300 mm, the test was stopped, the specimen was unloaded and the column was 

temporary supported. The actuator was then disconnected from the column, the piston was re-

set to the zero position, and a stocky steel section was positioned between the actuator head 



and the top of the column, providing a new total available displacement approximately equal 

to 800 mm. 

To simulate the effect of a column sudden removal, Specimens 4, 5 and 6 were tested under 

dynamic conditions. Initially each specimen was propped by a temporary support placed 

under the column and loaded with a different number of concrete blocks placed on each 

beam: four (two on each beam), six (three on each beam ) and eight (four on each beam ) 

concrete blocks were used for Specimens 4, 5 and 6, respectively. The total weight acting on 

the whole structure was equal to 75, 112 and 149 kN for Specimens 4, 5 and 6, respectively. 

Considering an even load distribution, the corresponding weight acting on the central support 

is approximately equal to 37, 56 and 75 kN. Assuming the tributary area of a peripheral 

central column of the scaled prototype building equal to 10.94 m2, 75 kN roughly 

corresponds to the vertical reaction expected in the column under the loading combination 

wf= 1.2 Dead Load + 0.5 Live Load, prescribed in UFC [13] for progressive collapse 

assessment. 

3.6 Instrumentation – static and dynamic 

The internal forces in the beams were measured by 12 strain gauges installed at the positions 

shown in Fig. 15. Sets of five strain gauges were installed along the height of each beam 

section, at a distance of 1,000 mm from the column face (SG2-SG6 and SG7-SG11), i.e. far 

enough from the nonlinear strain distribution near the joint. One strain gauge was installed at 

the centre of each beam section at a distance of 500 mm from the centre of rotation of the 

hinges (SG1 and SG12), where the bending moment can be assumed equal to zero.  

The load and the vertical displacement were firstly recorded by the actuator itself. A second 

load cell (with a force capacity of 200 kN) was interposed between the actuator and the top 

plate of the column only for Specimens 1 and 2 to verify the reliability and sensitivity of the 

actuator in terms of force. Two linear variable differential transducers (LVDTs) were located 

at the opposite corners of the column top plate to monitor the vertical displacement (L1 and 

L6). Four LVDTs, placed at mid-length (L2 and L7) and at quarter length (L3 and L8) of the 

beams, were used to monitor the vertical deflection along the beam axis. Furthermore, two 

LVDTs each side were installed to control both the horizontal (L4 and L9) and the vertical 

(L5 and L10) displacements of the end pinned supports. For the dynamic tests the four 

vertical LVDTs previously installed along the length of the beams were substituted by two 



LVDTs placed at 1,750 mm from the centre column (L23d and L78d). The position of 

installed LVDTs is shown in Fig. 15. 

An optical/video monitoring system was also used to track the displacements in the joint 

region. Two photo cameras were placed alongside the central column during the first three 

pseudo-static tests while a high-speed camera was adopted for dynamic tests. For Specimens 

1, 2 and 3 one picture was taken every 10 seconds until the test failure. For Specimens 4, 5 

and 6 the high-speed camera allowed for a resolution of 2.0 kHz. For the dynamic tests the 

recording was activated by means of a laser system. The triggering point was automatically 

activated by the drop of the column that, passing through light sensors, interrupts the signal 

and starts the data acquisition. 

3.7 Material tests 

Columns, beams and all plates (except fin plates) were made of structural steel S355 with a 

nominal yield strength of 355 MPa. S275 steel grade was adopted for the fin plates while 

SSPs were made of duplex stainless steel grade 1.4462 [29]. Uniaxial tensile coupon tests 

were conducted to evaluate the mechanical characteristics of SSPs, fin plates and bolts’ 

material. For the SSPs the obtained mean Young’s modulus ESSP, yield stress fy,SSP, ultimate 

stress fu,SSP and elongation at fracture εu,SSP resulted equal to 166 GPa, 550 MPa, 740 MPa 

and 46%, respectively. Fin plates and 8.8 bolts had a yield and an ultimate stress of 346 MPa 

and 472 MPa, and 888 MPa and 976 MPa, respectively. 

4. Experimental results from the static tests 

A summary of: i) the peak vertical applied load, Pmax, ii) the maximum tie force in both the 

left and right beam, NL,max and NR,max, iii) the maximum vertical displacement at fracture of 

either the first bolt in the fin plate or the first SSP, Δmax and iv) the corresponding beam chord 

rotation, θmax, is presented in Table 3 for the three static tests. θmax was calculated as sin-

1(Δmax/L*), where L* is the beam chord length, equal to 2,827 mm for Specimen 1, and 2,692 

mm for Specimens 2 and 3, respectively. The first value corresponds to the distance between 

the centre of the hinge and the bolt centreline while the second is the distance between the 

hinge centre and the internal SSP. The axial force in each beam was calculated using the 

average value of the strains recorded by the strain gauges closest to the SSPs (SG2-SG11 in 

Fig. 15).  

4.1 Specimen 1: conventional fin-plate joint 



Fig. 16a shows the response of Specimen 1 in terms of applied load versus vertical 

displacement of the central column. The corresponding beam chord rotation is also denoted 

along the upper x axis of the graph. The total applied load is decomposed to the load resisted 

by catenary action and the load resisted by flexural response. The first quantity was obtained 

as: (NL,max+NR,max)xΔmax/L*, while the second one was calculated by deduction. 

Under small displacements the resistance is mainly provided by the flexural action taking 

place in the fin plates. The flexural response increases up to an applied load of 5 kN. At an 

imposed displacement of approximately 110 mm the catenary action becomes dominant. 

The connection ultimately failed by fracture of the bolts in shear taking place at the left side 

connection, after the fin plate has undergone visible bearing deformations. The bolts at the 

left side fractured successively starting from the bottom one, where the horizontal shear force 

was greater. Points Lb, Lc and Lt in Fig. 16a correspond to the fracture of the left bottom, 

central and top bolt, respectively. The maximum load capacity was reached at around 158 

mm (point Lb in Fig. 16a), corresponding to a vertical force equal to 18 kN. 

Fig. 17a shows the deformed shape of the joint at failure and Fig. 17b shows the failed left-

side fin plate connection after the bolts have fractured. No fracture was observed at the right 

side connection. This asymmetry in the behaviour was observed because the rotational 

restraining system used in the test setup was not able to completely inhibit the column 

rotation in the static tests; this issue was not observed in the dynamic tests. 

The deformation of the connection at the right side, that has not fractured, resulted in a 

residual flexural contribution provided until the end of the test (Fig. 16a). The effect of this 

flexural contribution in terms of load-carrying capacity is around 1.8 kN. The vertical load at 

failure can be analytically verified assuming that the deformed shape of the specimen is 

triangular (i.e. the beams are straight lines) and using simple geometric relationships. Using 

the peak axial forces just before the fracture of the last bolt, which are equal to 70 kN and 80 

kN for the left and right beam, respectively, the load carrying capacity related to the catenary 

action is 14.6 kN. This is less than the 16.4 kN total load recorded by the actuator at the end 

of the test and this difference is attributed to the aforementioned residual flexural 

contribution. 

Fig. 16b shows the evolution of the tie force in each beam with respect to the column vertical 

displacement. At fracture of the first bolt, the maximum axial force was 110 kN and 112 kN 

in the left and right beam, respectively; thus, the fin-plate connection was not capable of 



achieving the tie force resistance as per EC1 for which it was designed (149 kN) due to the 

imposed rotation demands, and the tie force at fracture was significantly smaller than that 

required as per the UFC guidelines, i.e. 223 kN according to Eq. 1. The curves are almost 

coincident until the fracture of the central bolt where the forces were around 80 kN. Due to 

the rotation of the column, after the second drop in force, the two curves are not coincident 

anymore and the failure of the test occurred at a vertical displacement of 274 mm where the 

peak axial force registered in the left beam was equal to 70 kN. The left connection failed at a 

rotation less than 0.056 rad, thus far less than the minimum requirement of 0.2 rad, showing 

the vulnerability of this kind of connection. 

4.2 Specimen 2: retrofitted with one SSP each side 

Fig. 18a shows the applied load versus vertical column displacement response of Specimen 2. 

Compared to Specimen 1, there is significant enhancement in the performance of the joint, 

both in terms of load resisting capacity and beam chord rotation. The specimen sustained a 

maximum vertical force of 148 kN at a beam rotation of 0.216 rad, greater than the target of 

0.2 rad, as indicated in Fig. 18 with a dashed line. At this rotation, the left SSP has fractured 

at the internal diameter. The local peaks in force, identified by points Rb, Rc and Rt, and Lb, 

Lc and Lt, correspond to the shear failure of the right and left bolts of the fin plate connection, 

respectively. The bolts fracture following the same sequence as that observed in Specimen 1.  

Fig. 19a shows the deformed shape of the specimen at failure. The failure of the right (Rb, Rc 

and Rt) and left (Lb, Lc and Lt) bolts was not simultaneous for the same reason described 

above for Specimen 1, i.e. the strong-axis rotation of the column. In this test, a slight weak-

axis (out-of-plane) rotation was also observed. The out-of-plane rotation of the column 

caused the horizontal sliding of the left side SSP along its longitudinal axis. This caused an 

asymmetrical positioning of the SSP and, as a consequence, the contact bearing forces 

between the SSP and the beam started to rise due to a stress concentration at the edge of the 

beam web hole. The stress localization caused damage of the beam web on one side and the 

consequent ovalization of the hole as reported in Fig. 19b. Fig. 19b also shows the left SSP at 

failure and its asymmetrical position with respect to the web hole, which resulted in the 

kinked region marked in the same figure.  

Fig. 20 shows graphically the measured deformed shape of both SSPs at the end of the test. 

The relative residual displacement, δR,exp, measured in the right SSP after the specimen was 



removed from the test rig, was 43.8 mm, while, due to the evident damage occurred in the left 

pin, it was impossible to measure its maximum residual deformation.  

Fig. 18b shows the evolution of the axial force in both beams of Specimen 2. The curves are 

coincident until a vertical displacement of 280 mm. After that point, the curves start to 

diverge until the failure of the test occurred due to fracture of the left SSP when the axial 

forces in the left and right beam were 348 kN and 301 kN, respectively, corresponding to 

equivalent horizontal forces in the SSPs equal to 340 kN and 294 kN. Both these values are 

bigger than the minimum SSP force requirement Fp,min= 245 kN. The maximum force 

supported by the SSPs at the end of the test is in good agreement with the expected value. 

According to the calculation presented in the previous paragraphs, the maximum 

experimental value was only 6.6% smaller than the numerical prediction Fp,Def= 364 kN. At 

large displacement the beam-column joint experienced plastic hinges (due to the SSPs plastic 

deformation) and the deformed configuration of the beams can be assumed as straight lines. 

Thus, the total vertical load is (NL,max+NR,max)xΔmax/L*= 139 kN, corresponding to 93.8% of 

the force registered in the actuator. 

Using the numerical peak force and displacement in the SSPs, i.e. Fp,Def= 364 kN and δp,Def= 

55.7 mm, the maximum displacement of the column, ∆max, and the total vertical load at 

fracture, Pmax, can be analytically predicted. From Eq. 10 and Fig. 11, ∆max is equal to 568 

mm, which is in good agreement with the experimental value of 578 mm (-1.7%). Since the 

equilibrium at fracture is provided by catenary action, Pmax can be finally calculated as 

2xFp,Defx∆max/(L*cosθ). The value of Pmax is 157 kN and is in good agreement with the 148 

kN registered in the actuator (+6.2%).  

4.3 Specimen 3: retrofitted with two SSPs each side 

Fig. 21a shows the applied load versus vertical column displacement response of Specimen 3. 

The load resisting capacity and the ultimate beam chord rotation are even further enhanced 

compared to Specimen 2. The maximum vertical force, equal to 249 kN, was reached at 

column vertical displacement of 653 mm. The corresponding beam rotation is equal to 0.245 

rad, 23% bigger than the limit of 0.2 rad. After the failure of the top bolt of the left fin plate 

connection (point Lt) the applied load increased with a positive curvature up to the failure of 

the left SSPs (point P in Fig. 21a) that fractured almost simultaneously at the internal 

diameter. The evolution of the force, depending only on the SSP behaviour, followed the 

trend of the force-displacement curves reported in Fig. 12d for the Deformable case. 



Figs. 22a and 22b show the left and right connection at the end of the test, while Fig. 22c 

shows the deformed shape of the SSPs and supporting plates. The presence of 2 SSPs at each 

side increased the bending deformation of the supporting plates. Since the bending of the 

supporting plates at the left side was less pronounced compared to the opposite side, the left 

SSPs fractured first. The more the supporting plates move inward, the less the effect of shear 

action on an SSP’s fracture capacity is, and this explains the bigger ductility observed in the 

right SSPs. 

Fig. 23 shows the deformed shapes of the four SSPs installed in Specimen 3, measured after 

the specimen was dismantled. As expected, for both left and right side, the external SSPs 

showed a bigger relative displacement compared to the internal ones. In particular, for the 

right side, the residual relative displacement, δR,exp, of the internal and external SSP was 

measured equal to 64.6 mm and 67.1 mm, respectively. 

Fig. 21b shows the evolution of the axial force in both beams of Specimen 3. At the point of 

fracture the axial force in the right beam was 465 kN and on the left beam 509 kN. 

Considering the horizontal component of the peak axial force and splitting the force between 

2 SSPs, each pin was subjected to a maximum force of 247 kN, thus double the minimum 

required force in the SSP, Fp,min= 123 kN as per Eq. 1, and 3.2% less than the prediction of 

the FEM simulation taking into account the deformability of the supporting plates. The 

equilibrium at fracture estimated on the basis of a truss system produces a value of the 

vertical force equal to 236 kN, which is 94.9% of the experimental value of 249 kN. 

For Specimen 3, Eq. 10 gives ∆max= 623 mm. Being Fp,Def= 255 kN the predicted peak 

vertical force at fracture, Pmax can be calculated as: 2x(2Fp,Defx∆max/(L*xcosθ))= 243 kN. The 

experimental fracture was observed at ∆max= 653 mm at an applied vertical load of 249 kN, 

therefore both analytical values are in good agreement with the experimental ones, with the 

differences being -4.6% and -2.5%, respectively. 

5. Experimental results from the dynamic tests 

5.1 Specimen 4 

Fig. 24a shows the response of Specimen 4 in terms of displacement versus time. The total 

weight on half specimen was equal to 40.8 kN corresponding approximately to half the UFC 

load combination. The peak displacement, equal to ∆exp= 491 mm, was reached at 0.38 sec. 

After that point, the specimen started to oscillate freely, until it stabilized at the neutral 



position of around 480 mm. Figs. 25a and 25b show the joint at the end of the test and the 

deformed SSP, respectively. The retrofitted joint prevented the collapse of the specimen. The 

bolts of the fin plate connection fractured in shear at both sides of the column while no 

damage was observed in the beam webs due to bearing forces from the SSPs’ impact.  

The energy-based method presented in Section 3.4, using the results summarised in Table 4 

or the graphs in Fig. 12b, results in a column vertical displacement, ∆, equal to 555 mm, thus 

13% bigger than the actual experimental value. This over-estimation was expected since the 

lost energy, ED, cannot be neglected in the actual test. Energy is lost due to various 

parameters affecting the experimental response and associated to the specific test setup, 

including: a) friction due to the sliding of the concrete blocks along the lateral steel 

restraining system; b) friction of the concrete blocks on the steel sections as the specimen 

deforms; c) energy transferred to the reaction frame and transmitted to the anchorages; d) 

plastic deformations observed on the steel rods that were used as rotational restraining system 

for the central column, as they were not able to move freely along the uprights; and e) 

inherent viscoelastic damping.  

Thus, for all the dynamically tested specimens, ED was reasonably assumed equal to 22% of 

the total energy. The latter value was evaluated on the basis of a preliminary set of parametric 

numerical analyses conducted in the finite element analysis software Abaqus [28] (not 

presented in this paper). The lost energy was calculated summing both viscous and frictional 

dissipated energy. Rerunning the energy-based model under the hypothesis EI= Wext-Ed= 

Wext-0.22Wext= 0.78Wext, yields ∆= 496 mm, which is in very good agreement with the 

experimental value 𝛥𝛥exp= 491 mm. For this level of vertical displacement, FSSP and δSSP are 

291 kN and 41.0 mm, respectively. Both values are smaller than their capacity, as indicated 

in Fig. 12b. Table 5 reports the main geometrical data used in the energy based model, the 

output in terms of FSSP, δSSP and ∆, along with a comparison with the experimental vertical 

displacement for the three dynamic tests. 

Assuming a mechanical model based on static equilibrium, given the maximum vertical 

displacement, ∆exp, and the corresponding value of θ, the equilibrium of Specimen 4 should 

be established by a horizontal force FSSP,st equal to: 



𝐹𝐹SSP,st = 𝑊𝑊
𝐿𝐿G ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∆exp
= 𝑊𝑊

𝐿𝐿G

𝐿𝐿∗
𝐿𝐿∗ ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

∆exp
≅ 0.56𝑊𝑊

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
∆exp/𝐿𝐿∗ =

0.56𝑊𝑊
𝑡𝑡𝑡𝑡𝑛𝑛𝑐𝑐

=
0.56 ∙ 40.8𝑘𝑘𝑁𝑁
tan (0.183)

= 123𝑘𝑘𝑁𝑁 = 3.0𝑊𝑊 

(11) 

In Specimen 4, the actual value of FSSP (analytically computed by means of the energy design 

method) was instead equal to 291 kN, corresponding to 7.1W, namely FSSP≅ 2.4 FSSP,st. In 

this case, because the applied load, w, was almost half of wf, the selected SSPs were strong 

enough to resist the loading (364 kN= Fp> FSSP= 291 kN) but this result highlights the 

importance to take into account the relevant increase in terms of force and displacement 

required in the SSPs due to the dynamic effects. 

To verify the experimental residual force in the SSPs at the neutral position, FN, static 

equilibrium based on the triangular shape shown in Fig. 13 was used. Knowing the position 

and the value of the resultant of the applied load, and the neutral vertical position after the 

oscillation phase, 𝛥𝛥N,exp, the residual force by moment equilibrium is: 

𝐹𝐹N =
𝑊𝑊𝐿𝐿G ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝛥𝛥N,exp
 (12) 

For Specimen 4, θ at rest was equal to 0.179 rad, and Eq. 12 gives 126 kN, which is 18.0% 

smaller than the experimental value of 153 kN calculated using the strain gauges. Thus, the 

horizontal force in the SSPs dropped by 165 kN, i.e. from 291 kN at the peak displacement to 

126 kN at the end of the test. This corresponds to an elastic unloading of the SSPs, 𝛿𝛿un= 4.5 

mm, computed by dividing the reduction in force by the elastic stiffness of an SSP. Thus, the 

residual relative displacement of the SSP at neutral position, 𝛿𝛿N, is equal to 𝛿𝛿SSP-𝛿𝛿un= 

36.5 mm. The latter value is in good agreement with the displacement computed using Eq. 10 

for a vertical column displacement at rest equal to 𝛥𝛥N,exp= 480 mm, which is 𝛿𝛿SSP= 38.1 mm. 

Repeating the same procedure to calculate the SSP displacement due to the elastic unloading 

after the specimen was dismantled, results in 𝛿𝛿un,0= 7.9 mm, corresponding to a residual 

relative displacement 𝛿𝛿R equal to 𝛿𝛿SSP-𝛿𝛿un,0= 33.1 mm that is consistent with the experimental 

value 𝛿𝛿R,exp= 35.4 mm measured for the left SSP, as reported in Fig. 28a and Table 6. 

5.2 Specimen 5 

In Specimen 5, the total weight was 59.4 kN each side or approximately 75% of the UFC-

prescribed load combination, and, as shown in Fig. 24b, the SSPs were not able to withstand 

this initial load after the column was released. First, the bolts in the fin-plate connections 



failed in shear. It was noted that between 580 and 590 mm the structure slowed down for 

some instants while the supporting plates were undergoing huge rotations due to the plastic 

deformations of the SSPs. After that the left SSP fractured and the specimen lost its 

equilibrium starting again its free fall. The left SSP fractured at a beam chord rotation 

approximately equal to 0.22 rad. The fracture occurred at the internal diameter due to 

excessive plastic deformations, as reported in Fig. 24c. Fig. 26a shows Specimen 5 after its 

failure. Fig. 26b shows the deformed shape of the SSPs and supporting plates after the joint 

was disassembled; no bearing deformation at the SSP holes was observed. 

Note that the displacement at fracture roughly coincides with the failure registered in 

Specimen 2. In that case the maximum vertical load was 148 kN, around 25% bigger than the 

total weight applied in the dynamic test. According to the previous numerical simulations, 

shown in Fig. 12b, the installed SSPs were supposed to resist a total force at least equal to 

364 kN. However, the structure collapsed under a load corresponding to 80% of the UFC [13] 

load combination.  

According to the energy based method, the maximum capacity offered by the structure in 

terms of vertical displacement depends on the ductility and load capacity of the SSPs. For the 

geometry adopted in this test, the SSPs should fracture for a maximum relative displacement 

δSSP= 55.7 mm (i.e.: δmax= 60.7 mm), that, according to Eq. 10, corresponds to 𝛥𝛥max= 568 

mm, thus only 3.6% smaller than the experimental result (𝛥𝛥exp= 589 mm). Observing the 

values of the singular energy terms reported in Table 6, it is seen that the energy balance (Eel 

+ Efp + ESSP - 0.78Wext) is negative, indicating that the applied load was too high to allow for 

an equilibrated deformed configuration. Thus, the energy based method can predict the 

failure of Specimen 5; however, it is noted that this method was finalised after the test on 

Specimen 5. 

In Fig. 28b, the residual experimental relative displacement at fracture, 𝛿𝛿p,exp, observed in the 

left SSP of Specimen 5, is shown. In this case, the analytical prediction is extremely accurate, 

being 𝛿𝛿p and 𝛿𝛿p,exp coincident and both equal to 55.7 mm. 

5.3 Specimen 6 

In Specimen 6, as shown in Fig. 24d, the proposed connection was able to withstand the 

initial load, i.e. 78.1 kN on each side or approximately 100% of the UFC load combination, 

after the column was set free to fall. The vertical column reached a maximum displacement, 

𝛥𝛥exp, equal to 557 mm. After that point, the specimen experienced a free oscillation that 



rapidly stabilized at a neutral position of 544 mm. Figs. 27a and 27b show the deformed 

shape of the joint at the end of the test. No damage was observed in the SSP holes despite 

high contact forces. Note that the very fast decay of the free oscillation after the peak 

displacement has been reached, observed in both Specimens 4 and 6 (Figs. 24a and 24d), is a 

strong indication that the system was highly damped, thus justifying the relatively high 

amount of energy loss assumed in the energy-based analytical model. 

The energy based method for Specimen 6 predicts a maximum dynamic displacement 𝛥𝛥 equal 

to 558 mm at 𝑐𝑐= 0.209 rad, which is in excellent agreement with the experimental values. In 

addition, it yields values for FSSP and 𝛿𝛿SSP equal to 522 kN and 53.5 mm, respectively. In this 

case the ratio between the predicted value of the horizontal force in the SSP, FSSP, over the 

resultant of the vertical load, W, was equal to 6.7. The safety coefficient, calculated as 

Fp/FSSP, resulted roughly equal to 2. In this case, calculating FSSP,st=206 kN using Eq. 11, 

results in FSSP≅ 2.5 FSSP,st. 

For Specimen 6 the residual axial force computed from Eq. 12 is equal to 211 kN, 7.0% less 

than the corresponding experimental value (227 kN). In this case the theoretical drop in force 

consisted in 311 kN that corresponds to an elastic unloading of the SSP, 𝛿𝛿un, equal to 6.2 mm. 

Being the estimated value of 𝛿𝛿SSP equal to 53.5 mm, 𝛿𝛿N= 𝛿𝛿SSP-𝛿𝛿un= 47.3 mm. The latter value 

is still coherent with the result obtained using Eq. 10, where 𝛥𝛥N,exp= 544 mm gives a 

corresponding displacement in the SSP equal to 50.6 mm. 

The residual displacement of the SSPs in Specimen 6 was measured as 𝛿𝛿R,exp= 44.8 mm, (see 

also Table 6) at the end of the test, and is still consistent with the theoretical value 𝛿𝛿R= 𝛿𝛿SSP-

𝛿𝛿un,0= 43.1 mm.  

6. Conclusions 

The performance of an innovative steel joint against progressive collapse was experimentally 

evaluated by means of three pseudo-static and three dynamic tests. The proposed beam-to-

column joint, recently proposed by Ghorbanzadeh et. al. (2019) [20], consists of a set of 

novel structural details that can be added to industry-standard nominally pinned joints to 

significantly enhance their robustness under a column loss scenario. The proposed system 

exploits the large ductility of duplex stainless steel pins to improve both the tie force capacity 

and rotation ductility of joints. Analytical expressions were developed to predict the 

maximum force and displacement of a joint under both static and dynamic conditions. The 

main conclusions of this work are: 



• The test on the industry-standard fin-plate joint highlighted the vulnerability of this 

connection type under a loss of column scenario. The fin-plate connection fractured at 

a relatively small rotation of 0.056 rad and was not able to provide the required tie 

force capacity. 

• The proposed structural details significantly enhanced both the tie force and the 

rotation capacity of the fin-plate joint. In particular, both retrofitted joints in 

Specimens 2 and 3 provided the required tie force capacity according to UFC while 

undergoing a rotation equal to 0.216 rad and 0.245 rad, respectively, under static 

loading conditions. The vertical load sustained by Specimens 2 and 3 was 8.2 and 

13.8 times the peak load reached by the un-retrofitted specimen, respectively. The 

ultimate rotation at fracture was enhanced roughly by a factor of 3.9 and 4.4, for the 

case where 2 and 4 SSPs were installed, respectively. The maximum tie force 

increased by 3.1 and 4.5 times the axial force sustained by the fin plate connection. 

• The supporting plates contribute substantially to the deformation capacity of the SSPs 

and thus to the rotation capacity of a retrofitted joint. This implies that their 

contribution could be considered in the design of a joint with the proposed structural 

details if a more economic design is desirable. 

• The dynamic tests have demonstrated that the proposed structural details are capable 

of providing the required tie force and prevent progressive collapse in an actual 

column loss scenario. The failure modes observed in the dynamic tests were similar to 

those in the static tests. 

• The analytical method based on static equilibrium and simple geometric assumptions 

can predict the force in the SSPs and the column accurately under quasi-static 

conditions. On the other hand, the analytical method based on the energy conservation 

principle can predict the maximum dynamic displacement, the corresponding relative 

displacement in the SSPs and the tie force with good accuracy, under a reasonable 

estimation of the damping and energy loss that took place in the specific test setup. 

• From the analysis of the dynamic tests, it results that the actual force experienced by 

the SSPs was between 6.7 and 7.1 times the total weight W acting on one half of the 

specimen and that the expected dynamic force in an SSP is 2.4-2.5 times the force 

calculated on the basis of static equilibrium. However, the dynamic amplification 

factor is not a constant coefficient but the response of the structure strongly depends 

on the geometrical and mechanical properties of the selected SSPs (shape, diameters 



and length that govern their stiffness, ductility and resistance) and on the structural 

layout of the investigated structure. Further investigations are necessary to fully 

understand how the dynamic behaviour impacts the structural response of the 

proposed joint.  
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Table 1. Details and specifications of the specimens. 

Specimen ID 

(-) 

Test 

(-) 

nSSP 
(-) 

De 

(mm) 

Di 

(mm) 

LSSP 

(mm) 

tspxhsp 

(mm x mm) 

trp 

(mm) 

1 Static - - - - - - 

2 Static 1+1 28 18 75 35x100 6+6 

3 Static 2+2 22 15 75 35x100 6+6 

4 Dynamic 1+1 28 18 75 35x100 6+6 

5 Dynamic 1+1 28 18 75 35x100 6+6 

6 Dynamic 1+1 31 31 78 35x100 6+6 

Fin plates (190×70×6 mm) connection with 3 M14 8.8 high strength bolts were adopted for 
the beam-to-column joint. 
 

  



Table 2. Design forces and displacements for SSPs. 

SSPs 

De;Di;LSSP 

𝛿𝛿p,Rig 

(mm) 

𝐹𝐹p,Rig 

(kN) 

𝛿𝛿p,Def 

(mm) 

𝐹𝐹p,Def 

(kN) 

𝐹𝐹p,Def/𝐹𝐹p,Rig 

(-) 

𝛿𝛿p,Def/𝛿𝛿p,Rig 

(-) 

28;18;75 45.0 302 55.7 364 1.21 1.24 

22;15;75 44.1 183 65.0 255 1.39 1.47 

31;31;78 110.0 865 125.4 1034 1.20 1.14 

 

  



Table 3. Design data and experimental results for psuedo-static tests. 

Specimen ID 

(-) 

nSSP 

(mm) 

δf,min 

(mm) 

δp,min 

(mm) 

Fp,min 

(kN) 

Pmax 

(kN) 

NL,max 

(kN) 

NR,max 

(kN) 

Δmax 

(mm) 

θmax 

(rad) 

1 - - - - 18 110 112 158 0.056 

2 1 53.7 48.7 245 148 348 301 578 0.216 

3 2 53.7 45.7 123 249 509 465 653 0.245 

 

  



Table 4. Mechanical properties assumed for modelling the bilinear elasto-plastic response of 
the SSPs; material and geometrical characteristics of the beams and supporting plates. 

SSPs 

De;Di;LSSP 

𝛿𝛿g 

(mm) 

𝛿𝛿y 

(mm) 

𝛿𝛿p 

(mm) 

𝐹𝐹y 

(kN) 

𝐹𝐹p 

(kN) 

𝑘𝑘el 

�
kN
mm

� 

𝑘𝑘py 

�
kN
mm

� 

𝐴𝐴b 

(cm2) 

𝐴𝐴sp 

(cm2) 

28;18;75 5 2.65 55.7 98 364 36.98 5.01 58.8 35 

22;15;75 8 2.24 65.0 45 255 20.09 3.35 58.8 35 

31;31;78 5 3.30 125.4 165 1034 50.00 7.12 58.8 35 

  



Table 5. Energy based method results and geometrical data. 

ID 

(-) 

𝐿𝐿G 

(mm) 

𝐿𝐿∗ 

(mm) 

𝐿𝐿sp 

(mm) 

𝑊𝑊 

(kN) 

𝛥𝛥G 

(mm) 

𝛥𝛥 

(mm) 

𝛥𝛥exp 

(mm) 

𝑐𝑐 

(rad) 

𝛿𝛿SSP 

(mm) 

𝛿𝛿 

(mm) 

𝐹𝐹SSP 

(kN) 

4 1500 2692 616 40.8 276 496 491 0.185 41.0 46.0 291 

5 1500 2692 616 59.4 317 568 589 0.213 55.7 60.7 364 

6 1500 2692 616 78.1 311 558 557 0.209 53.5 58.5 522 

 

  



Table 6. Energy based method results and experimental data. 

ID 

(-) 

𝑊𝑊ext 

(kJ) 

𝐸𝐸D 

(kJ) 

0.78𝑊𝑊ext 

(kJ) 

𝐸𝐸el 

(kJ) 

𝐸𝐸fp 

(kJ) 

𝐸𝐸SSP 

(kJ) 

𝐹𝐹N 

(kN) 

𝛥𝛥N,exp 

(mm) 

𝛿𝛿un,0 

(mm) 

𝛿𝛿R 

(mm) 

𝛿𝛿R,exp 

(mm) 

4 11.27 2.48 8.79 0.10 1.10 7.59 126 480 7.9 33.1 35.4 

5 18.82 4.14 14.68 0.16 1.10 12.38 - - - - - 

6 24.27 5.34 18.93 0.33 1.10 17.50 211 544 10.4 43.1 44.8 

  



 

 
 

a) b) c) 

 

Fig. 1. Joint configuration for nominally-pinned joints: a) individual components; b) 
assembly for full depth end plates joint; c) assembly for fin plates joint. 
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b) 

 

Fig. 2. a) Deformed SSP; b) geometry of half an SSP. 

  



  
a) b) 

  
c) d) 

 

Fig. 3. Force-displacement curves for SSPs with a) De= 26 mm; b) De= 31 mm; c) fracture in 

an hourglass SSP; d) fracture in a cylindrical SSP, [20]. Results obtained for the 

configuration where supporting plates are not allowed to bend. 

  

0 40 80 120

Displacement (mm)

0

200

400

600
Fo

rc
e 

(k
N

)

26-26-100

26-21-100

26-17-100

0 40 80 120

Displacement (mm)

0

250

500

750

1000

Fo
rc

e 
(k

N
)

31-25-100

31-31-100

31-21-100



 

 
Fig. 4. Layout plan of the reference multi-story building; the position of the sub-assembly 

extracted for the experiments is highlighted. 

 

 

 

 

 

 

 

 

 

 

 

  



 
Fig. 5. Prototype beam-column joint in comparison with the tested specimens. 

 

  



 
 Fig. 6. Static test setup. 

 

  



  
a) b) 

Fig. 7. a) Lateral, and b) rotational restraining systems. 

  



 

 Fig. 8. Dynamic test setup. 

  



  
a) b) 

 

Fig. 9. Quick release mechanism: a) before failure; b) after failure. 

  



  
a) b) 

  
c)  

 

Fig. 10. The proposed joint dimensions: a) fin plate connection; b) retrofitted joint for 
Specimens 2, 4 and 5; c) retrofitted joint for Specimen 3; d) retrofitted joint for Specimen 6.  



 

 

Fig. 11. SSP simplified force-displacement diagram. 

  



 
 

a) b) 

 
 

c) d) 

Fig. 12. Numerical simulations for hourglass shaped SSPs based on the component test setup, 
[20], under the hypothesis of deformable supporting plates: a) fracture and b) force-

displacement response for SSP with De= 28 mm, Di= 18 mm and LSSP= 75 mm; c) fracture 
and d) force-displacement response for SSP with De= 22 mm, Di= 15 mm and LSSP= 75 mm. 
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Fig. 13. Load-resisting mechanism for a central column removal scenario. 

  



 

 
 

a) b) 

Fig. 14. Numerical simulation for cylindrical SSP (De= 31 mm, Di= 31 mm and LSSP= 78 
mm) based on the component test setup, [20]: a) fracture occurred under the hypothesis of 

deformable supporting plates; b) force-displacement response. 
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Fig. 15. Location of installed strain gauges and LVDTs. 

  



  
a) b) 

 

Fig. 16. Specimen 1: a) vertical load versus column vertical displacement; b) beam axial 
force versus column vertical displacement. 
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a) b) 

 

Fig. 17. Failure mode of Specimen 1: a) joint; b) deformation of left fin plate.  

  



  
 a) b)  

 

Fig. 18. Specimen 2: a) vertical load versus column vertical displacement; b) beam axial 
force versus column vertical displacement.  
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a) b) 

 

Fig. 19. Failure mode of Specimen 2: a) joint; b) SSPs deformation and web panel damage.  

  



 
 

a) b) 

 

Fig. 20. Experimental deformed shape of SSPs for Specimen 2 at the end of the test: a) left 
SSP; b) right SSP (the symbol x indicates fracture location). 
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a) b) 

 

Fig. 21. Specimen 3: a) vertical load versus column vertical displacement; b) beam axial 
force versus column vertical displacement. 
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a) b) c)  

 

Fig. 22. Failure mode of Specimen 3: a) left side; b) right side; c) top view. 

  



  
a) b) 

 

Fig. 23. Experimental deformed shape of SSPs for Specimen 3 at the end of the test: a) left 
SSPs; b) right SSPs (the symbol x indicates fracture location). 
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a) b) 

 
 

c) d) 

 

Fig. 24. Dynamic test results: a) displacement-time curve of Specimen 4; b) displacement-
time curve of Specimen 5; c) SSPs in Specimen 5 after failure and d) displacement-time 

curve of Specimen 6. 
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a) b) 

 

Fig. 25. Deformed shape of Specimen 4: a) top view; b) deformation of the left SSP.  

  



 

 
a) b) 

 

Fig. 26. Failure mode of Specimen 5: a) top view; b) fracture of the left SSP.  

  



 

  
a) b) 

 

Fig. 27. Deformed shape of Specimen 6: a) top view; b) bottom view.  

  



 
a) 

 
b) 

 

Fig. 28. SSP deformed shape: a) Specimen 4; and b) Specimen 5. 
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