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A B S T R A C T

Flat Multiple Slit Devices (MSDs) have been introduced in steel constructions located in earthquake-prone areas 
as compact hysteretic dampers connected to braces, and were further proposed to be employed also in other 
structural typologies, including aligned precast concrete walls. Nevertheless, similar angle connections needed 
for horizontal joints of orthogonal walls are not tackled in literature. The shape of MSDs, obtained by selective 
weakening by removing part of the steel area of flat plates, may allow to attain a highly ductile and stable 
dissipative behaviour, given local plate buckling is avoided, protecting the bolted joints through capacity design. 
Laser cutting as an alternative to mechanical milling introduces the possibility to easily optimise the shape of the 
slits in order to attain better performance under laterally imposed cyclic load. This paper analyses the application 
of right-angle-bent MSDs for the horizontal connection between orthogonal precast walls typical of panel 
structures with rigid diaphragms. In particular, bolted angle plates with hourglass-shaped multiple slits obtained 
after laser cutting are investigated numerically via non-linear finite shell elements and experimentally with 
original cyclic tests. The effect of the aspect ratio of the plate and of the restraint condition, possibly affecting the 
performance under imposed shear deformation due to the presence of the bent corner, is investigated by para
metric analysis. Finally, general design rules and recommendations are presented.

1. Introduction

Added hysteretic damping is among the most popular strategies to 
enhance the seismic performance of a structural assembly [1–7]. Hys
teretic devices typically consume energy through plasticisation of 
structural steel, which can occur under imposed axial [8], shear [9,10], 
bending, or torque [11] mechanism, alone or in combination. With 
reference to the bending flexural mechanism, Added Damping And 
Stiffess (ADAS) dissipative systems were introduced on the basis of a 
series of cantilevering triangular steel plates subjected to out-of-plane 
imposed displacement [2,3,12], where the transverse triangular shape 
allowed to obtain uniform yielding along the length of the plates, 
enhancing the deformation capacity of the system subjected to lateral 
load. More recently, series of elementary beams acting in flexure were 
obtained within single plates by milling creating multiple slits which, 
subjected to lateral loading in the plane of the elementary beams, 
transform the stiff shear mechanism of the initial plate into a more 
deformable flexural mechanism. This technique also allows to selec
tively weaken [13] the central portion of the plate with respect to the 

edges, when provided with either bolted or welded connection with the 
structural elements, protecting it from a semi-brittle failure by capacity 
design and transforming it into a ductile mechanism with much higher 
deformation capacity. Basic devices employ constant profile rectangular 
beams [14–24]. Plates not carved for the full depth, mixing the shear 
behaviour of the thin plate thickness left in the centre with the flexural 
behaviour of the elementary beams, were also recently proposed [25, 
26]. However, the rectangular shape profile is not optimised, since, 
when subjected to imposed lateral displacement/loading, it tends to 
concentrate the higher stress in the elementary beam ends, by forming 
discrete plastic hinges. As a result of many researchers who tackled the 
issue of topologic optimisation of the plate experimentally, analytically, 
and/or numerically, the elementary beam profile (depth distribution) of 
a hourglass results by imposing a uniform-yielding profile [27–40], 
when the width is kept constant (the thickness of the plate for multiple 
slit devices). Such shaping, which allows to enhance the displacement 
capacity of the elementary beams whilst keeping the same strength of 
the rectangular-profile elementary beams, can smartly be obtained with 
modern laser cutting technologies [41]. Similar technologies have also 
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been proposed to be carved in non-flat plates or profiles [42–44]. 
Moreover, some authors proposed to couple the hysteretic yielding 
behaviour of multiple slit devices with friction, further enhancing the 
deformation capacity of the device, although typically the two mecha
nisms need to be carefully calibrated to efficiently work in series [31,45, 
46]. The use of multiple slit plates was mainly proposed for steel frame 
structures, both in dissipative braces [47–56], or in frame joints 
[57–62]. However, they were recently proposed to be used also in be
tween precast concrete elements, either in frame elements [19,63,64] or 
as horizontal joints of wall structures [31,38,39,65,66], as an alternative 
mainly to dissipative friction connections [67–69]. The employment of 
multiple slit devices as ductile connections for mid- and high-rise precast 
buildings appears to be promising, since they could not only serve as 
energy dissipation fuses during earthquake events, but they could also 
serve as ductile connectors able to accommodate relatively large dif
ferential instantaneous and creep settlements, replacing typical brittle 
shear key joints [70] and allowing for controlled mutual deformation 
capacity between adjacent or transverse walls under thresholded ac
tions. In this context, several horizontal joint configurations can be 
found in a typical building, some of which can be solved with the use of 
flat plates, and some of which need to be solved with angular plates, as 
shown in Fig. 1.

Angular connectors are common in precast structures [71–74]. 
Despite this, there is no information in the current literature concerning 
the adaptation of angle plates to multiple slit devices, the influence of 
the plate bending, and the restraint condition of the bolts in the 
orthogonal surfaces.

This paper aims at filling this gap by providing a combined experi
mental and numerical investigation on the influence of plate bending 
and restraint condition of the bolts over the structural response of angle 
multiple slit devices, proposing general design rules.

2. Prototypal angle devices

The prototypal angle device proposed is produced starting from a flat 
steel plate, on which slotted holes and slits are laser cut. After this 
operation, the plate is fold at right angle in multiple steps using a 
bending press. The fuse-shape of the slits is optimised for lateral imposed 
displacement following the indications provided in [31]. By considering 
a 10 mm thick plate, and keeping the maximum depth over thickness 
ratio on the safe side not larger than 2, in order to avoid the risk of lateral 
buckling even at very large deformation, the single elementary beams 

results having 20 mm of edge depth and a length of 92 mm. In order to 
account for the laser cutter encumbrance of 1 mm, several elementary 
beams were placed in a row at an inter-axis of 21 mm (Fig. 2).

The slots have the function to allow the connection of the angle 
device with the walls through tightened threaded bars accommodating 
assemblage tolerances. In particular, the prototype of Fig. 2 is conceived 
to be installed in wall elements produced in horizontal moulds with 
mechanical positioning of the steel counterplates containing alterna
tively a passing hole pipe or a superficial pre-installed mechanical 
coupler, meaning that the accuracy in the vertical position matching of 
the slots in the connected wall elements can be dealt with mechanical 
precision. In this case, tolerance in both horizontal directions is provided 
by the slots. However, possible alternative cases involving non- 
mechanical insert precision may lead to a different choice, with one 
row of slots being vertical instead of horizontal. In such a case, as well as 
whenever the tolerance given by the slot needs to be deactivated after 
assemblage for the correct kinematics of the connection, the slots can be 
coupled with welded toothed profiles, over which the threaded bar is 
tightened against counter-toothed washers [71]. A further alternative to 
ensure small tolerances in all directions might be provided by employing 
larger round holes coupled with a planetary slotted washer and friction 
bolted connection with large pre-stressing. Finally, a possible alternative 
solution may concern the use of post-installed anchors, which can 
simplify the wall production by avoiding the positioning of inserts in the 
wall moulds, but typically provide a lower resistance, and therefore in 
this case their design shall be carried out with peculiar accuracy, and in 
general their diameter should result larger than passing threaded bars.

These angle devices can be classified on the basis of repetitive moduli 
of 6 elementary beams, to which corresponds a slot row. However, due 
to the deviation of the load in the edge slots in the restrained configu
ration, as better detailed in the design rule chapter, the edge elementary 
beams external to the slot axis are 2.5 instead of 3 (Fig. 2). The device 
shown in Fig. 2 is therefore characterised by 2 moduli.

To be noted that some joints can only be made from one side only (e. 
g. joint between external walls, as shown in Fig. 1), while some others 
can be made adopting two plates on different sides of the joint. In the 
latter case, it can be decided to adopt two connections, or to adopt a 
single connection on one side only. It is clear that the number of moduli 
to be designed depends upon this choice, since the two plates on the 
same joint act in parallel. Obviously, adopting a double plate configu
ration is suggested, since it allows also to centre the load in the wall 
element. Adopting a single plate provides an eccentricity with respect to 
the centre of gravity of the wall which may result in the distribution of 
secondary moments in the wall elements, which however can be 
handled within the design of local wall reinforcement.

3. Numerical simulation of the prototypal device

Numerical models were developed with the aim to simulate the 
structural performance of a single prototypal device. The 3D finite 
element model has been developed in Straus7 [75] using 3-nodes 
tetrahedral shell elements, as shown in Fig. 3. A non-structured mesh 
was automatically generated by the software after calibration of the 
total number of elements carried out with a sensitivity analysis. About 
8000 tetrahedral shell elements were employed, with average size 
varying from less than 1 mm closer to the edge discontinuities of the 
laser-cut slits to about 10 mm near the corners of the angle plate. More 
information about the shape function, element formulation, integration 
scheme and auto-meshing procedure can be found in the theoretical 
manual of the software [75]. A bi-linear elastic-hardening stress-strain 
behaviour of structural steel is implemented in the model (Fig. 4) on 
the basis of the nominal characteristic strength properties of the steel 
grade S355 employed, characterised by nominal yielding and ultimate 
strength of 355 MPa and 510 MPa, respectively [76]. The corresponding 
strain points were taken as 0.17 % on the basis of an elastic modulus of 
210 GPa, and 20.00 % on the basis of typical experimental ultimate 

Fig. 1. Typical horizontal joint configurations employing flat and angular 
multiple slit devices in precast wall panel structures.
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strain, respectively. The software does not accept interruptions in the 
constitutive law, and therefore the hardening branch was left unlimited, 
with proper individuation of the failure condition done in 
post-processing by checking the condition that the computed ideal stress 
does not overcome the ultimate. The geometrical non-linearity is also 
taken into account by the solver. The solver automatically interpolates 
or extrapolates the stress values based on the values of strain considering 
the slope of both linear lines. The Von-Mises yield criterion is used.

Different boundary conditions were considered. The holes of the 
horizontal short flap of the plate are fully fixed in their centre, and the 
holes of the vertical flap of the plate are restrained according to two 
different strategies, schematised in Fig. 5: one named “restrained” 
simulating the test condition with restraint in the three directions, the 

alternative one named “unrestrained” investigating the possible degree 
of freedom of displacement along the direction of the slot.

In both strategies, the in-plane displacement orthogonal to the slit 
orientation was imposed as the loading condition, simulating a vertical 
rigid mutual deformation of the wall panels in the context of a building 
provided with rigid diaphragm, where hence relative horizontal dis
placements and rotations around the vertical axis are restrained by other 
mechanical connections (or by a continuous reinforced concrete 
topping). Moreover, the presence of concrete, physically hampering 
both flat parts of the plate, was taken into account by imposing stiff- 
spring compression-only boundary supports in those surfaces. Friction 
at the interface between plate and concrete was neglected. The threaded 
bars were not explicitly modelled, and the edge nodes of the slotted 

Fig. 2. Specimen proposed to be investigated: (a) geometry of the original flat steel plate to be cut by laser; (b) geometry of the requested bent multiple slit plate; (c) 
3D view of the requested multiple slit plate; (d) picture of multiple slit plates after production. Measures in [mm].
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holes were all rigidly connected to each central master node placed in 
the centre of the slot through rigid links.

To simulate the load in the experiment conditions, a non-linear static 

analysis including nonlinearity both for geometry and material was 
carried out by imposing a crescent displacement history applied simul
taneously to the three central master nodes of the slots located on the 
longer flap.

Convergence in the analysis was found at all imposed steps up to the 
target ultimate displacement of the analysis of 50 mm. It is however 
reminded that the software considers an unlimited plastic hardening 
branch of steel, and thus the actual strain of steel obtained as a result of 
the analysis might be larger than the ultimate.

The pushover curve of the simulation carried out considering the 
restrained condition (Fig. 6a) shows an onset of yielding occurring at a 
displacement of 0.8 mm and a load of 81.9 kN.

Von Mises stress contours are shown in Fig. 7 with limits corre
sponding to the nominal characteristic yield stress (355 MPa) right after 
yielding, highlighting that yielding first occurs at a section approxi
mately located at 0.40 L, given L is the length of the elementary beams 
identified by the slits. It is however noted how the perimetral areas of 
the elementary beams is mostly equally stressed at onset of yielding, 
highlighting the correct shaping of the beams with the aim of having a 
diffused yielding along their length. The behaviour at very large 
displacement tends to further hardening due to 2nd order catenary ef
fect, i.e. the decomposition of the shear force orthogonal to the beam 

Fig. 3. Numerical model employing 3-nodal tetrahedral shell elements with 2D detail of the non-structured mesh.

Fig. 4. Bi-linear stress-strain behaviour for steel S355 implemented in 
the model.

Fig. 5. Node restraints of FE model: (a) restrained condition, (b) unrestrained condition.
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axis with the generation of a non-negligible axial component as a 
function of the inclination angle of the cross-sections around midspan, 
according to the deformed shape shown in Fig. 7.

Concerning restrained condition, the post-processing underlined that 
the onset of failure, associated with the ultimate strain, was attained at a 
displacement of 21.0 mm, associated to a ductility of 21.0 / 0.8 ≈ 26. 
The elementary beams are highly plasticised, with plastic strains 
developed along the full depth of most cross-sections. Further plot 
contours at the bottom of Fig. 8 show the extension of the plasticised 
region. It is recalled that the condition of ultimate strain was attained 
very locally in a single finite element of the mesh, which may be deemed 
to be a conservative assumption. The results of the model obtained 
removing the displacement constraint in the direction parallel to the 
slotted holes located in the larger flap of the plate (unrestrained con
dition – Fig. 6b) show an onset of yielding occurring at a displacement of 
1.6 mm at a load of 84.2 kN. Much larger deformability than the one 
associated to yielding in the restrained condition is noted, although the 
load is similar. Again, yielding first occurs at a section approximately 
located at 0.40 L, given L is the length of the elementary beams identi
fied by the slits, and the perimetral areas of the elementary beams is 
mostly equally stressed at onset of yielding, highlighting the correct 
shaping of the beams with the aim of having a diffused yielding. How
ever, the displaced shape is obviously influenced by the different re
straint condition, and it is clear that strain is not uniformly distributed 
among all elementary beams, being the ones towards the compressed 
side (right side of the figure) progressively more stressed.

Concerning unrestrained condition, the post-processing underlined 
that the onset of failure, associated with the ultimate strain, was attained 

at a displacement of 8.0 mm, associated to a ductility of 8.0 / 1.6 = 5, 
much lower with respect to the restrained condition. The stress distri
bution shows a concentration of plastic stress in the edge beams, due to 
the additional axial stress caused by the unrestrained boundary condi
tion. In particular, the compressed elementary beam appears to be the 
critical, due to the contribution of 2nd order effects caused by the 
compression, as clearly noticeable in Fig. 8b by the deformation of the 
central part of the slit as well as by the extension of the plasticised re
gion. The lateral view of the displaced shape of the plate shows that 
more severe out-of-plane deformation and distortion around the bent 
part of the plate occurred with respect to the restrained condition, where 
the higher absolute displacement obtained was associated to the much 
larger ultimate displacement. The out-of-plane deformation of the plate 
contributed in modifying the stress distribution on the elementary 
beams. Again, it is recalled that the condition of ultimate strain was 
attained very locally in a single finite element of the mesh.

4. Experimental testing

Two experimental cyclic tests were performed at the LPMSC labo
ratory of Politecnico of Milano on the considered joint simulating a T- 
shaped joint between two orthogonal precast concrete walls. For each 
specimen, two prototypal MSD angle plates were bolted to solid concrete 
blocks as shown in Fig. 9, where the specimen is shown in the test po
sition, overturned by 90◦ with respect to the reference real joint. The 
concrete blocks have dimensions of 60x60x25 cm and are made with 
concrete class C45/55 (nominal characteristic cylindric compressive 
strength of 45 MPa). They are reinforced with standard cages made of 8 

Fig. 6. Pushover curves resulting from the analysis under: (a) restrained condition, (b) unrestrained condition.

Fig. 7. Deformation and stress state at onset of yielding for the angle plate under: (a) restrained condition – displacement of 0.8 mm, (b) unrestrained condition – 
displacement of 1.6 mm. Note: displacement magnified with different factor.
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Φ12 rebars (one top and one bottom layer in the direction of the refer
ence walls) confined by 8 Φ8 closed stirrups. All reinforcement is made 
by ribbed bars with steel grade B450C (nominal characteristic yield 

strength of 450 MPa). It is to be pointed out that the MSD angle plates 
where originally conceived to be tested in unrestrained condition. 
However, after the numerical simulations were carried out and ana
lysed, this configuration was questioned, and the plate was transformed 
into restrained condition by drilling directly in the original Φ17 slotted 
holes of the slit flaps and in the concrete block larger round holes able to 
accommodate M24 threaded bars, thus restraining the ability of the 
plate to move along the direction of these slotted holes (vertical in the 
test position). The designed M16 threaded bars protruding from the 
bottom concrete block were left as originally designed and constructed. 
All bolted connections were strongly tightened manually without 
employing a dynamometric wrench.

The test setup is shown in Fig. 10. The lower concrete block was fixed 
to the strong floor of the laboratory by means of vertical M24 threaded 
bars of steel grade 8.8 passing through the holes left in the lower block 
by means of plastic pipes in production. The horizontal displacement of 
the lower block is prevented by a system consisting of plate and counter 
plate bolted to the strong floor and connected to each other by four 
additional M24 threaded bars.

A predetermined displacement history was applied to the upper 
block by means of a hydraulic jack with capacity of 1000 kN anchored to 
an external strong steel angle fixed to the strong floor. Since the 
displacement is applied in both push and pull directions, the flat metal 
plates pinned to the jack is also connected to a strong counterplate by 
additional four M24 threaded bars. In order to carry out a test under 
pure shear, avoiding applying external flexure on the plate, simulating 
typical walls very stiff in flexure, a vertical constraint system was 
assembled. It consisted in two solid steel prisms placed over the top 
block, connected each other by means of M24 threaded bars in hori
zontal and connected to the strong lab floor through the same M24 bars 
connecting the lower block. In order to avoid lateral displacement of the 
prisms, both of them are braced by diagonal ties connected to the strong 
floor. Possible frictional contributions between the steel prisms and the 
concrete block were minimised by placing Teflon (PTFE) stiff thick 

Fig. 8. Deformation and stress state at onset of failure and extension of the plasticised regions for the angle plate under: (a) restrained condition – displ. 21 mm, (b) 
unrestrained condition – displ. 8 mm. Note: displacement magnified with different factor.

Fig. 9. 3D drawing of the assembling procedure of the specimen subjected to 
test (measures in [cm]).
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Fig. 10. Test setup: (a) drawing and instrumentation scheme, (b) picture.
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blocks at the interface. Thin Teflon sheets were also interposed in be
tween close horizontal and vertical threaded bars.

The instrumentation scheme for both tests is schematically showed 
in Fig. 10a. The loading jack was provided with the control displacement 
transducer (CH1) and a load cell (CH2). The device CH3, a displacement 
transducer with stroke of ± 50 mm placed on the block opposite side of 
the loading jack in axis with it, provides the reference displacement of 
the overall system. the instrument CH4 measured the difference between 
the bottom and the top of the metal plate, while the device CH5 
measured the difference in displacements between the lower block and 
the upper part of the plate. The relative vertical displacement between 
upper and lower block were measured by CH6 and CH7. The further 

vertical displacement transducer CH8 was installed between the lower 
concrete block and the lab strong floor to measure possible uplift of the 
specimen. Each instrument was accurately calibrated before installation 
over the specimens.

The test protocol employed was in terms of imposed displacement at 
the reference instrument CH3 based on the general formula shown in Eq. 
1, with R repetitions of a displacement amplitude d evaluated as the 
product of the initial displacement C times a constant A at the n-th 
power, where n is the number of cycle groups. This protocol of general 
application (without need to define any yielding or ultimate threshold), 
was extensively employed by many researchers, as described in [77], 
and it follows the typical assumption that many small-displacement 

Fig. 11. Specimen at the end of: (a) test 1, (b) test 2.

Fig. 12. Results. (a) Test with absolute jack instruments, (b) Test and simulation with relative displacement - test 1, (c) Test and simulation with relative 
displacement - test 2.
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cycles and only few large-displacement cycles are applied to a structure 
or device. For this experimentation, the following values were consid
ered: C = 1.3 mm; A = 1.5; n = 0…8; R = 2 for test 1 and R = 3 for test 2. 

dn = C∗An|Rx (1) 

A different number of cyclic repetitions R was carried out through 
tests after the evidence in test 1 of a relevant stiffness degradation 
through cycles, which was not expected for the metallic plate alone. An 
unexpected millimetric contact between the upper concrete block and 
the rear base steel plate below the loading jack caused the test to be 
performed asymmetrically for displacements beyond − 6,6 mm in the 
pull direction for the jack.

During the first cyclic test, a maximum force of 344 kN (172 kN on 
single MSD angle plate) was achieved at around 29 mm of block relative 
displacement. The test was interrupted as a consequence of the stroke of 
the main transducers being exhausted due to the high specimen defor
mation. Indeed, despite the MSD angle plates were clearly highly plas
tically deformed (Fig. 11a), failure was not attained.

During the second cyclic test, a maximum force of 463 kN (231 kN 
on single MSD angle plate) was achieved at the absolute jack displace
ment of 60 mm. This test was not interrupted after the main transducers 
exhausted their stroke due to the high specimen deformation, allowing 
to attain in this case failure. Failure was attained on the side of the grade 
8.8 bolted connectors of the MSD angle plate with the lower concrete 
block, with fracture surface compatible with moderately ductile shear 
failure. At the maximum load level attained, the mean shear stress on the 
bottom bolt lines is indeed higher than the nominal shear resistance of 
the bolts, which explains the observed failure. The MSD angle plates 
were found clearly highly plastically deformed (Fig. 11b).

In none of the specimens, cracking of the concrete blocks occurred. 
Concrete local damage was detected in the contact corner close to the 
loading jack, mainly due to the previously introduced unexpected con
tact between the top block and the anchor steel plate.

The results of the experimental cyclic tests are plotted in Fig. 12a 
with reference to the jack instrumentation. They are also plotted with 
reference to the relative load and displacement of a single MSD angle 
plate together with the results of the numerical analysis described above 
in Fig. 12b and in Fig. 12c for test 1 and test 2, respectively. To be noted 
that the instrument CH5 detached in test 2 prior to the attainment of the 
ultimate displacement. The simulations carried out considering both 
restraint conditions are clearly not able to catch the experimental results 
when analysing the initial steps, where a much larger deformability and 
a gap effect was found in the test results. This is due to bolt-hole gap 
tolerances summed to an initial position adjustment involving rigid 

body motion of the plate in the experimental test, which is not taken into 
account in the models. Moreover, the shear deformation of the threaded 
bar connectors also added a contribution. Nevertheless, the simulated 
stiffness well matches the unloading stiffness of the specimen, con
firming the above. The load associated to a clear change of inclination in 
the experimental tests matched well with the simulated yield load. When 
analysing the behaviour under larger displacement, it can be noted that 
the experimental plastic branch has an inclination similar to the simu
lation considering the restrained condition, whilst the simulation with 
unrestrained condition provides inaccurate matching. This is expected 
due to the selected test configuration as described above, and confirms 
the very remarkable overstrength and post-yielding hardening of the 
MSD angle plates. Moreover, this is further confirmed when observing 
the good matching of the curves when plotting the numerical results 
considering a 5 mm shift, which is deemed to be the order of magnitude 
of the rigid body motion of the plate, as also observed by the pinching 
effect and the stiffness degradation through cycles occurred during the 
experimental hysteresis. The pinching effect might also have been 
enhanced by local plastic deformation of the plates in correspondence of 
all the threaded bar connectors, despite no evident bearing stress failure 
was observed after dismounting the specimens. Concerning the com
parison of the displacement capacity, it is evident from both the load and 
the displacement attained that the experimental deformation resulted 
much higher than the one predicted by the numerical analysis. This 
observation leads to the consideration that setting the failure condition 
even very locally when the ultimate strain is attained in a single finite 
element of the mesh may be considered as a too severe condition.

The soundness of the comparison between the numerical (restrained 
condition) and experimental results can also be appreciated when 
observing the residual plastic deformed shape of one tested plate after 
Test 2 (Fig. 13a). Similar considerations apply for the out-of-plane 
deformation trend (Fig. 13b). The lateral view of the displaced shape 
of the plate shows that moderate out-of-plane deformation and distor
tion around the bent part of the plate occurred, which caused the stress 
distribution on the elementary beams to be not fully equal among them. 
Indeed, the bent part of the plate is not leaned against concrete, and 
deforms under imposed load or displacement, altering the behaviour of 
the equivalent flat MSD plate.

The energy dissipation capacity of the tested specimens was evalu
ated on the basis of the traditional Equivalent Viscous Damping (EVD) 
approach described in [77] applying the rectangle contour 
half-quadrant method. Mean EVD curves were evaluated with reference 
to the relative displacement as the mean among the cycles carried out 
per each maximum target displacement and maximum load. The data 

Fig. 13. Comparison of experimental residual deformed shape after test 2 and numerical results: (a) front view, (b) lateral view.
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plotted in Fig. 14 are associated to purely hysteretic energy only 
(intrinsic viscous damping is assumed null). Due to the asymmetric 
displacement history applied during both tests, the method was applying 
evaluating only the energy dissipated in the quadrants of positive 
displacement, assuming a mirrored behaviour. This assumption be
comes progressively less robust with the increase of plastic strain, and 

therefore the results should be interpreted as indicative. Nevertheless, 
the following trend is clearly identifiable: an initial branch with high 
EVD of 0.22–0.28 at very low displacement is most probably due to 
frictional effects induced by tightening of the connection; the curves 
rapidly decrease to a minimum of 0.11–0.14; a final increasing branch 
induced by the strong plasticisation of steel is found with values in be
tween 0.15–0.20. These values are lower with respect to typical 
maximum EVD attained by hysteretic devices based on plasticisation of 
steel [11–40], which is due to the cyclic pinching effect described above.

4.1. Parametric analysis

In order to investigate the influence of the angle geometry, and in 
particular the plate bent area, over the behaviour of MSD angle plates, a 
parametric analysis was carried out numerically by considering plates 
having different length (moduli), i.e. the number of elementary beams. 
Pictures of the 3D models considered with 1, 2, and 3 moduli are shown 
in Fig. 15.

The results of non-linear static analyses carried out imposing similar 
conditions of the previously described analyses are shown in the 
following both in terms of absolute horizontal reaction (Fig. 16) and 
local normalised reaction of a single elementary beam (Fig. 17). The 
numerical pushover curves are solid up to the attainment of the ultimate 

Fig. 14. Mean equivalent viscous damping among experimental cycles.

Fig. 15. MSD angular plate with different moduli: (a) 1, (b) 2, (c) 3.
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strain, and dashed afterwards. The trends previously highlighted with 
the plate having 2 moduli are confirmed, with lower initial stiffness, 
ultimate strength, and ultimate displacement associated to unrestrained 
condition due to the summation of relevant axial stress to the bending/ 
shear stress imposed by lateral settlement of the plate.

When considering the restrained condition, the displacement asso
ciated with the ultimate strain condition slightly increases with the 
number of moduli, probably due to the limited distortion of longer 
plates, which turns into lower axial action on the edge elementary 
beams. Differently, when considering the unrestrained condition, the 
displacement associated with the ultimate strain changes relevantly 
with the number of slits, decreasing with it and strongly depending on 
the number of moduli being odd or even. In particular, relevantly lower 
ultimate displacement is found with odd numbers of moduli, which is 
probably due to the higher load acting on the compressed concrete toe 
due to the lower tension resultant associated with a lower lever arm. 
This concept will be further analysed and explained in the dedicated 
chapter about design rules.

The normalised reaction (mean reaction of a single elementary 
beam) is only moderately affected by the number of moduli for all cases 
considering restrained conditions and for a number of moduli higher 
than 1 considering unrestrained condition. A peculiar lower normalised 
reaction is found for the case with 1 modulus only in the unrestrained 
condition. This may be explained with the higher influence of the axial 
component of the stress, which affects a higher percentage of elementary 
beams, since they are less than the cases with more moduli.

This can also be suggested when looking at the deformed shape of the 
plates in Fig. 18, which confirms a somehow uniform stress distribution 
in all elementary beams in the restrained configuration, and a stress 
concentration due to the axial component in the edge elementary beams 
with respect to the central, when considering the unrestrained condition 
(Fig. 19). A larger displacement capacity is shown for the cases with the 
MSD plates having an odd number of moduli, due to their better capacity 
to redistribute the axial loading in the elementary beams. On the con
trary, the middle elementary beams of the 2-moduli plate result less 
stressed than the edge ones, since the middle slotted hole is subjected to 
purely horizontal load, as it will be further analysed and explained in the 
dedicated chapter about design rules.

4.2. Design rules

A simplified design procedure for the Multiple Slit plate is described 
in the following. It is recalled that the detailed origin of the proposed 
design formula of the slitted part of the plate is available in [31]. 
Considering a single hourglass-profile Timoshenko elementary beam as 
a double clamped beam subjected to imposed displacement, one can 
obtain the translational stiffness of the beam as follows, neglecting 
possible 2nd order effects or combination of axial stress, as per Eq. 2: 

kV = 0.43
E b h0

3

L3 (2) 

Leading to a yield displacement as per Eq. 3 equal to: 

Fig. 16. Results of non-linear static analysis in terms of total reaction vs displacement: (a) restrained condition, (b) unrestrained condition.

Fig. 17. Results of non-linear static analysis in terms of average reaction of single elementary beam vs displacement: (a) restrained condition, (b) unre
strained condition.
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dy = 0.78 fy
L2

E h
(3) 

The corresponding yield load can be obtained by multiplying the 
yield displacement by the translational stiffness, as per Eq. 4: 

Py = kV dy (4) 

The ultimate load is much larger than the first yield load, thanks to 
the combined effects of diffusion of plasticisation within the cross- 
section of the elementary beams, and material hardening. The edge 
chord of the cross section fails when the maximum longitudinal stress 
reaches the ultimate resistance. All the inner chords, however, are 
subjected to a lower stress and therefore a contemporaneity factor 

Fig. 18. MSD angular plate with different moduli at attainment of ultimate strain in restrained condition: (a) 1–19 mm, (b) 2–21 mm, (c) 3–26 mm.
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should be applied to the coefficients referring to those phenomena. 
Thus, neglecting 2nd order effects which can be done by limiting the 
base beam height over plate thickness ratio to less than 2 (h0 / b ≤ 2), the 
formulation of the ultimate load can be expressed according to Eq.5: 

Pu = Py ∅pl ∅osψ (5) 

Where Φpl is the plastic factor of the cross section (being it rectangular, it 
is equal to 1.50); Φos is the overstrength factor of steel (being it steel 
S355, it is equal to 470 / 355 = 1.32); Ψ is the contemporaneity factor 

which, based on an elastic-parabolic stress-strain relationship of steel, is 
taken equal to 0.94.

Considering the whole plate, the total yielding or ultimate load can 
be calculated by multiplying the previously described contribution of 
the single elementary beam by the total number of elementary beams of 
the plate. It shall be observed that this formulation neglects the axial 
stress contribution, which may either strongly or moderately influence 
the strength of the plate in case of unrestrained or restrained condition, 
respectively. In fact, this formulation shall not be used if employing the 

Fig. 19. MSD angular plate with different moduli at attainment of ultimate strain in unrestrained condition: (a) 1–14 mm, (b) 2–8 mm, (c) 3–12 mm.

B. Dal Lago                                                                                                                                                                                                                                       Structures 69 (2024) 107392 

13 



plate in unrestrained condition, and can be used in restrained condition 
given the moderate out-of-plane deformation of the plate introduces 
only moderate axial stress in the edge elementary beams.

The maximum available displacement capacity assumed in design is 
recommended not to exceed 15.0 % and 8.5 % of the gross length of the 
elementary beams in case of restrained or unrestrained condition, 
respectively.

Analytical, experimental, and numerical strengths are compared in 
Table 1.

Recalling that the numerical results are associated to the nominal 
material strength, it can be observed that the suggested simplified design 
procedure correctly tackles the issue, providing safe-sided estimations of 
the plate strength with respect to both the numerical results and the 
experimental results. The higher experimental strength may be mainly 
due to 2nd order effects in tension (catenary effect at large de
formations) and to the actual higher plastic deformation capacity and 
strength of the real steel material employed. A special observation must 
be done for the plate having 1 modulus only, where the strength is more 
severely affected by the axial component than the plates with more 
moduli, for which a higher safety coefficient could be employed (a 
further strength reduction of 10 % is suggested). Moreover, larger 
diameter threaded bars should be employed. Nonetheless, this sort of 
plate is indeed not recommended to be extensively used.

A sketch of the actions on the MSD plate and the bolted connectors is 
given in Fig. 20, considering both the restrained and unrestrained 
conditions.

In the restrained condition, the position of the neutral axis of the 
plate is assumed to be located at midspan of the elementary beams. The 
plastic shear, mainly arising indeed from the flexural plasticisation of 
the elementary beam ends, causes bending components to act on both 
the bolts located at the large flap (as a function of the eccentricity e1) 
and at the short flap (as a function of the eccentricity e2). The bolts 
located in the large flap, placed orthogonally with respect to the 
elementary beam axis, are then subjected to combined in-plane shear 
and out-of-plane shear originated from the torsional equilibrium of the 
bolted connection system. The bolts located in the short flap, placed 
parallelly with respect to the elementary beam axis, are then subjected 
to combined in-plane shear and axial loading, originated from the 
flexural equilibrium of the bolted connection leaned against concrete. 
Moreover, the eccentricity e3 of the shear reactions of large and short 
flap bolt lines leads to the development of a further out-of-plane 
bending, which results in an additional out-of-plane shear action on 
the short flap bolt line.

5. Conclusions

The proposed MSD bolted angle plate may provide an adequate so
lution for the connection of orthogonal precast walls, with proper 
stiffness, yield strength, overstrength, ductility, and dissipation 
capacity.

The numerical simulation of a single plate highlighted this potential, 
showing for a single proposed MSD angle plate restrained in all di
rections an elastic stiffness of 120 kN/mm, a yield strength of 87 kN, an 
ultimate strength of 177 kN (overstrength factor higher than 2), and a 

displacement capacity of 21 mm.
What referred as the unrestrained MSD angle plate configuration in 

this paper, meaning a condition which does not restrain the displace
ment in the direction of the axis of the elementary beams, is discouraged, 
since it leads to lower strength and much less ductility with respect to 
the restrained condition, fostering compressive buckling phenomena.

The tests highlighted a very large overstrength factor (failure over 
yielding) of more than 2.8 due to the combined effects of materials 
overstrength, plasticity diffusion in the elementary beams, and 2nd 
order catenary action at large drift. This provides a safe plastic branch 
with hardening and large stress redistribution potential, but it also shall 
be carefully taken into account when applying capacity design, e.g. for 
the design of the bolted connectors.

The tests also showed a marked pinching effect and initial gap due to 
the combination of bolt-hole gap, rigid position adjustment of the angle 
plate, shear deformation of the bolted connectors, and bearing stress 
deformation of the plate, which negatively affected both the stiffness 
and the hysteretic shape around small displacements. In order to avoid 
such phenomena to occur, making the real behaviour of the MSD angle 
plate closer to the ideal behaviour of the numerical simulation, it is 
suggested to adopt friction bolted connections instead of classical. The 
issue of tolerances may be dealt by adopting large holes and planetary 
slotted thick washers.

Moreover, the parametric analysis showed that short MSD angle 
plates with only few elementary beams are also to be discouraged in 
favour of longer plates with many elementary beams, since few 
elementary beams may activate strong local compression and the 
deformation of the bent angle, thus negatively impacting stiffness and 
strength of the overall device. Conversely, the deformability of the bent 
part of the MSD angle plate did not play a remarkable role on the 
stiffness and strength of longer plates.

The proposed simple design rules were demonstrated by comparison 
with experimental and numerical tests to be sound and reliable for ge
ometries similar to the proposed.

Careful installation procedures aimed at limiting the pinching effect 
induced by the above-cited factors are encouraged to be tested before 
practical applications. Future research may focus on the detailed 
investigation of the cyclic hysteretic properties of the connection, as well 
as investigating MSD angle plates with different topology than the one 
employed in this research.
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Analytical Experimental Numerical

Design strength Characteristic strength Mean strength Test 1 Test 2 FE models

Moduli yield failure yield failure yield failure failure failure yield failure

1 48.9 99.4 51.4 104.3 56.5 114.8 - - 49.0 100.9
2 75.7 153.6 79.4 161.3 87.4 177.4 172.2* 231.7* 81.9 176.5
3 102.3 207.8 107.5 218.2 118.2 240.0 - - 109.6 257.5

​ ​ ​ ​ ​ ​ ​

* failure of the plate not fully attained
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