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A B S T R A C T   

In recent decades, various rocking systems have been proposed to enhance the self-centring capacity of structures 
after seismic events. Sometimes dissipative devices have been added to control peak lateral displacements. 
However, the computational models currently available in the literature are not suitable for practitioners because 
they require the solution of complex differential equations describing the negative tangent stiffness that char-
acterises the intrinsic instability of rocking motion. To address this issue, this study explores a simplified model 
for rocking panels with panel-to-panel friction connections, potentially combined with moment-resisting frames. 
The remarkable sliding stiffness of these connections enables to simulate the system as a SDOF oscillator adapting 
original Displacement-Based Design (DBD) procedures, without the need to resort to closed-form solutions. The 
accuracy of the model is validated by comparing its results to pseudo-dynamic tests on a precast industrial 
building reported in the literature.   

1. Introduction 

The performance of structures subjected to strong earthquakes is 
usually achieved by developing significant inelastic deformations to 
dissipate energy in a controlled manner within their critical regions, 
such as plastic hinges at column bases and beam-to-column connections. 
This often leads to permanent deformations and residual displacements. 
Practical experience and previous research have shown that overcoming 
relatively low levels of residual drift leads to difficult and uneconomic 
repair of a structure [e.g., [3,40,42]]. This may even result in the de-
molition of the building. Business interruption significantly increases 
the total economic loss resulting from the demolition of a building after 
an earthquake, but above all, it creates significant social and economic 
disruptions that worsen the resilience by slowing down the recovery of 
earthquake-affected communities. 

Earthquake engineering research in recent decades has focused on 
rapid recovery by drastically reducing displacements and residual de-
formations of structures, leading to two primary approaches: base 
isolation and self-centring structures. Seismic base isolation decouples a 
superstructure from the foundation, laid on the shaking ground, to 
reduce the seismic demands on the isolated superstructure with its non- 
structural elements [e.g., [30]]. The complexity of the design lies in the 
system to decouple the foundation and the superstructure, which may 

also undergo significant displacements that do not affect its ultimate 
integrity. The resulting building could be designed as if it were in a low 
seismic area. 

The idea of incorporating elastic restraints capable of withstanding 
large deformations (displacements) without loss of mechanical proper-
ties became popular in the 1990s, starting with bridges and precast 
concrete structures [14,34]. Once the earthquake has occurred, these 
internal constraints are able to restore the structure to its original con-
dition. Structural elements, such as beam-to-column connections, are 
free to rotate rigidly by concentring deformation in gap opening and 
closure controlled by Post-Tensioned (PT) tendons that act as springs to 
ensure self-restoring capability. Then, many scholars refer to this 
approach as self-centring [42]. It has become more popular in the US and 
NZ, spanning from prefabricated structures to other types of construc-
tion, sometimes replacing PT tendons, originally used as elastic internal 
constraints, with other systems (shape memory alloys, springs, etc.). 

Alternatively, a synthesis of the previous two approaches could be 
pursued to respond to the ground motion excitation: either allow the 
structure to uplift from its foundation level or rock. Structures fastened 
to the ground, using foundation systems that prevent uplift and sliding, 
dominate modern seismic design, but the good performance in earth-
quakes of modern and ancient buildings that were unintentionally 
designed to rock has led engineers to investigate uplift and rocking as a 
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technique for modifying the seismic response of structures. Uplift at the 
interface between rocking members acts as a mechanical fuse, limiting 
the forces transmitted to the structure; see [3,40,42] for a detailed 
review. 

As the base isolation enables mutual sliding with the foundation, the 
rocking causes uplift and gap opening. Again, the result is a re-centring 
system, but no additional devices are required for elastic forces, as the 
gravitational load itself provides the self-centring action. After the first 
pioneering attempts to study swinging structures, in 1963, Housner 
proved analytically that of two geometrically similar blocks, the larger 
one is more stable when dynamically excited [20]. Accordingly, ground 
motions with longer dominant periods have a greater overturning po-
tential. In displacement-based design terminology, larger blocks have a 
greater displacement capacity [3]. An iconic archetype of pure rocking 
structures, with relevant geometric parameters, is shown in Fig. 1-a,b. 
According to some Authors [e.g., [23,36]], these rocking blocks have a 
more stable behaviour than isolated ones featuring the same base (i.e., b) 
and height (i.e., h) since the weight (i.e., mg) of the roof beam increases 
stability and provides a higher self-centring force. A key parameter 
governing the moment-rotation response of pure rocking structures is 
the slenderness angle θ = arctan(b/h). Indeed, as shown in Fig. 1-d, as 
long as the seismic lateral loads does not trigger the uplift moment Mup =

(mgR)sinθ, the block experiences very small elastic flexural de-
formations (associated the stiffness k1). Then, once the block is rocking 
(see Fig. 1-c), its rotational stiffness (i.e., k2) becomes negative until the 
resisting moment of the gravity load becomes null when the rotation 
angle α is equal to θ [23]. 

An overview of the different solutions proposed in the last decades to 
improve the seismic response of pure rocking systems inserted in 
moment-resisting frames is provided in Fig. 2. In first studies [24,25], 
simple precast walls were equipped with unbonded post-tensioned 
tendons acting as elastic restrains (see Fig. 2-a); these enable to over-
come the intrinsic instability of rocking systems by increasing the sec-
ondary slope (i.e., k2). To increase damping, dissipative connections can 

be installed either along the tendons [2], at the panel base [15,18,19] or 
in the joints with the frame (see Fig. 2-b). Alternatively, the panels can 
be locked at the base ends with shear keys (see Fig. 2-c) that prevent 
them from sliding but allow them to be lifted and rocked (stepping 
rocking) [1,4,22,27]. Other solutions provide rocking panels devoid of 
elastic restraints but, as in the previous cases, an increased damping 
using dissipative connections to connect frame (see Fig. 2-c) or foun-
dations [6,26,38] (see Fig. 2-d). Conversely, pin-supported walls (see 
Fig. 2-e), where gravity does not contribute to stability, cannot stand 
without a parallel frame, but can improve the damping of the whole 
system by using friction connections [17,37,39]. 

While several solutions have been proposed, it is still a challenge for 
engineers and practitioners to predict the lateral response of dissipative 
rocking structures under severe seismic excitations using simple tools. 
The existing models, including those developed by Christopoulos et al. 
[10] and Aghagholizadeh & Makris [1], Zhong and Christopoulos [42], 
require solving complex second-order differential equations. According 
to Makris and Konstantinidis [28], the simple design method, using 
equivalent elastic characteristics and a response-spectra approach, 
proposed by Priestley et al. [33] may not be appropriate for structures 
lacking a dual frame system or supplemental dissipative devices. 

This study presents a simplified design model for rocking panels with 
friction connections, which is based on the original Displacement-Based 
Design (DBD) procedures developed by Priestley et al. [35]. Rocking 
panels and friction dampers can be used in connection with a 
moment-resisting frame (as shown in case ’c’ of Fig. 2) or independently. 
Friction connections provide damping with a significant 
force-displacement sliding stiffness, capable of compensating for the 
negative secondary slope associated with rocking motion. 

The effectiveness and accuracy of the proposed calculation model are 
validated against the results of pseudo-dynamic tests carried out in a 
previous study by the Authors [31]. 

Fig. 1. Archetype of a pure rocking structure: (a) initial undeformed position and (b) main geometric parameters; (c) rocking deformed configuration; (d) moment - 
rotation response. 
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2. Rocking panels with friction connections 

Some scholars addressed the seismic strengthening of buildings using 
dissipative rocking panels. Among these solutions, two different struc-
tural schemes can be identified: heavy concrete panels are connected to 
the main frame (either made of R.C. or steel) through a horizontal shear 
connector, as shown in Fig. 3-a, [4,6,31]. The second is more suitable for 

lighter timber buildings made of CLT panels that take both horizontal 
and vertical loads, as in Fig. 3-b, [8,26,41]. In both cases, the rocking 
motion of the panels is achieved by constraining the corners at the base 
of the panels using shear keys (highlighted in blue in Fig. 3), which 
alternatively act as hinges depending on the direction of motion [26]. 

The upper panel connection, again in blue in Fig. 3, links the top edge 
to the beam to transmit lateral seismic loads. The second scheme uses 

Fig. 2. Layouts of rocking panels in combination with moment-resisting frames with different self-centering systems: (a) elastic restraints tendons only; (b) elastic 
restraints tendons with dissipative connections; (c) stepping rocking panel with dissipative connections to frame and (d) to foundation; (e) pinned-supported walls 
with dissipative connections. 

Fig. 3. Layouts for dissipative rocking panels installed in buildings with (a), i.e., scheme-1 or (b) without, i.e., scheme-2, a main resisting frame. 
Adapted from [31]. 
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the same connection to transfer also the gravity load of the top slab, 
resulting in a higher lateral stiffness of the rocking panels. Dissipative 
friction connections, highlighted in red in Fig. 3, link the vertical edges 
of adjacent panels to increase the overall damping of the structural 
systems in both schemes, see Fig. 9 for more information on these 
connections. During the rocking motion, the relative vertical displace-
ment between panels triggers energy dissipation within the connections. 
These can be designed to exploit friction loads or the yielding of some 
sacrificial (and replaceable) metallic components. 

3. Simplified model for seismic calculations 

The overall lateral response of single-storey buildings equipped with 
dissipative rocking panels can be estimated through a linear equivalent 
spectral analysis (Fig. 4-b) that, depending on the adopted structural 
scheme, employs two or three “spring-dashpot” systems arranged in 
parallel (Fig. 4-a). For the sake of clarity, hereafter in the paper, the 
quantities with subscripts “F”, “P”, and “C” will be applied to the me-
chanical properties of the main frame (F), the panels (P), and the con-
nections (C), respectively. Obviously, when performing the spectral 
analysis for the second structural scheme all the quantities of the main 
frame (subscripts “F”) must be neglected. 

The effective vibration period (Teff ) of the considered structural 
system is: 

Teff = 2π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅m1

(kF,eff + kP,eff + kC,eff )

√

(1)  

being: (i) m1 the modal mass of the fundamental mode shape; (ii) kF,eff , 
kP,eff , and kC,eff the effective stiffness in the horizontal direction of the 

main frame, the rocking panels, and the dissipative connections, 
respectively. 

In accordance with [35] for “in parallel systems”, the overall 
equivalent viscous damping (ξeq) is: 

ξeq = ξel,F +

(
ξF,eq • FF,max + ξP,eq • FP,max + ξC,eq • FC,max

)

(
FF,max + FP,max + FC,max

) (2)  

being: (i) ξel,F the viscous damping of the main frame in the elastic range 
(here conventionally assumed equal to 5 %); (ii) ξF,eq, ξP,eq, and ξC,eq the 
equivalent viscous damping offered by the main frame, the rocking 
panels, and the dissipative connections, respectively, when operating 
beyond their elastic regime; (iii) FF,max, FP,max, and FC,max are the forces 
(horizontal components) at the maximum displacement amplitude 
developed by the main frame, the rocking panels, and the dissipative 
connections, respectively. 

The mechanical properties of the main frame (made either of rein-
forced concrete or steel elements) can be obtained from a pushover 
analysis. Indeed, the relevant capacity curve (i.e. a plot of base-shear vs. 
roof displacement) can be bi-linearised (Fig. 5) exploiting the “equal 
energy criterion” of the EC8-Annex B [9], allowing the identification of a 
yielding force (FF,y) and displacement (dF,y). It is worth noting that, since 
the frame considered in this study forms a single storey (i.e. SDOF sys-
tem), the participation factor of the fundamental mode shape is Γ1 = 1.0 
and, therefore, does not generate any effect when scaling the capacity 
curve (F/Γ1 = F, and d/Γ1 = d). 

From the equivalent bilinear plot, it is possible to calculate the 
effective stiffness of the main frame (kF,eff ): 

kF,eff = FF,y
/
dH,max (3)  

being dH,max the maximum lateral displacement experienced at roof level 
during the shaking ground motion. The equivalent viscous damping 
(ξF,eq) can be calculated through the equations proposed in [5]:  

being μF the ductility demand on the main frame: 

μF = dH,max
/
dF,y (5) 

Usually, in practical design applications, the linear equivalent 
spectral procedure is iterative. First, the structural engineer establishes a 

Fig. 4. Adopted calculation method: (a) mass-spring-dashpot model; (b) displacement response spectrum analysis.  

ξF,eq =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

95
π •

(

1 −
1
̅̅̅̅̅μF

√

)

•

(

1 +
1

(
Teff + 0.85

)4

)

•

(

1 +
1

1.354

)− 1

for r.c. frames (with μF ≥ 1)

140
π •

(

1 −
1
̅̅̅̅̅μF

√

)

•

(

1 +
1

(
Teff + 0.85

)2

)

•

(

1 +
1

1.352

)− 1

for steel frames (with μF ≥ 1)

0 in any case when μF < 1

(4)   
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target displacement (dtarg = dH,max) within two possible ranges [13,16, 
32]: (1) dtarg ≤ dF,y when the goal is to maintain the main frame in the 
elastic range; (2) dF,y < dtarg < dF,u when a certain plastic excursion is 
accepted. Eventually, assuming that the geometry and typology of the 
rocking panel is given (e.g., from manufacturer data sheet or tested in 
lab), the dissipative force offered by the connection (FC,y) is varied until 
the convergence is attained: 
⃒
⃒Sd
(
Teff , ξeq

)
− dtarg

⃒
⃒ ≤ toll (6)  

where toll is a small tolerance threshold (e.g. toll = 1% dtarg), and the 

damped spectral displacement Sd

(
Teff , ξeq

)
is calculated from the rele-

vant elastic value Sd
(
Teff , ξel = 5%

)
though the reduction factor η pro-

posed in [35]: 
{

Sd
(
Teff , ξeq

)
= η • Sd

(
Teff , ξel = 5%

)

η =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

7
/(

2 + ξeq
)√ (7-a,b) 

It is worth noting that Eq. 4 overcomes the inherent error of more 
conventional approaches based on the Jacobsen formulation [21] that 
typically overestimate the equivalent damping ratio of medium-to-long 
period hysteretic systems [29]. Moreover, it was found that the proposed 
approach, in combination with the adopted spectral reduction factor 
(Eq. 7-b), guarantees the best accuracy in the prediction of peak dis-
placements of a wide range of inelastic systems [7]. 

The contribution of each of the dissipative rocking panels to the 
overall dynamic response of the considered structural system can be 
estimated through the analytical model developed hereafter. In this re-
gard, referring to the dynamic equilibrium of a panel plus the dissipative 
connections (“P + C”) shown in Fig. 6: (1) O is the pivot or hinge point of 
the rocking panels (usually realised through a shear key); (2) P is the 
“control point”. In the structural “scheme-1″ (Fig. 6-a), P is located in the 
middle of the upper edge of the panel and transmits horizontal inertia 
loads, only. In the “scheme-2″ (Fig. 6-b), P is located at one of the top 
corners of the panel and takes also the vertical load coming from the 
upper slab (WS); (3) b and h are the width and the height of the panel, 
respectively; (4) WP is the self-weight of the panel; (5) FP+C is the hor-
izontal load causing the rocking movement (equal to the shear force at 
the base of the panel); (6) FC is the damping force developed within the 
dissipative connection; (7) α is the rotation of the panel about the “hinge 
point”. 

The horizontal displacement (dH) at the “control point” P is related to 
the rotation angle through this equation: 

dH =

{
h sin α + b(1 − cosα)/2 for scheme 1
h sin α + b(1 − cosα) for scheme 2 (8) 

Analogously, the vertical displacement at the base of the panel (dV) 
is: 

dV = bsinα (9) 

For a single dissipative rocking panel, the equilibrium of moments 
about the “pivot point” is (WS = 0 for “scheme 1”): 

FP+C • hʹ = WP • bʹ
P +WS • bʹ

S + FC • b→FP+C =
WP • bʹ

P + WS • bʹ
S + FC • b

hʹ

(10)  

where hʹ is the lever arm of the seismic force (FP+C) in the deformed 
configuration of the panel: 

hʹ = hʹ(α) =
{
(b sin α)/2 + h cos α for scheme 1
b sin α + h cos α for scheme 2 (11) 

while bʹ
P and bʹ

S are the lever arms, in the deformed configuration of 
the panel, of the vertical loads WP and WS, respectively: 

Fig. 6. Rocking panel with dissipative connections: (a) “installation scheme-1″, more suitable to r.c. or steel frames; (b) “scheme-2″, more suitable to tim-
ber buildings. 

Fig. 5. Definition of the equivalent elastic-perfectly system of the main frame 
according to EC8 [9]. 
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bʹ
P = bʹ

P(α) = (bcosα − hsinα)/2 (12)  

bʹ
S = bʹ

S(α) = bcosα − hsinα (13) 

It is worth noting that the overall resisting force (FP+C) offered by the 
system along the horizontal direction (relevant quantities hereafter 
referred with the subscript “H”) can be seen as: 

FP+C = FP,H + FC,H (14)  

being FP,H the contribution to the equilibrium of moments due to the 
vertical loads only (WS = 0 for “scheme 1″): 

FP,H =
(
WP • bʹ

P +WS • bʹ
S
)/

h́ (15)  

and FC,H the contribution generated by the dissipative force (FC) devel-
oped within the connection: 

FC,H = FC • b/h́ (16) 

More in general, for a series of rocking panels aligned to constitute a 
cladding wall (as shown in Fig. 3) the equilibrium of forces equation 
becomes: 

FP+C = np • FP,H + nc • FC,H (17)  

being np the number of panels forming the wall (e.g., np = 4 for the case 
shown in Fig. 3), and nc the number of dissipative connections gener-
ating a resisting moment against rotations (e.g., nc = 9 for the case 
shown in Fig. 3). For the sake of clarity, it is important to note that the 
proposed analytical model relies on the following assumptions:  

1. the “pivot-type” rotation point is devoid of a smeared compression 
zone;  

2. the rocking motion does not damage panel edges. In fact, dissipative 
connections limit the upward rise and brake the descent of panels, 
reducing their impact on the ground;  

3. although the model may take into account the plasticisation of the 
resisting frame, it will not be validated for it. Indeed, in the reference 
experimental tests (see Section 4) the frame remained in the elastic 
range. This is in line with good design practices: activating the fric-
tion devices prevents damage caused by lateral loads to the frame 
structure (when present);  

4. the Displacement-Based-Design (DBD) calculation tool may have 
poor accuracy for very stiff structures with periods lower than 0.30 s. 
Conversely, it has been proven to be reliable for mid to long period 
bridge structures [7] and for reinforced concrete or steel frames with 
fundamental periods ranging from 0.30 s to 2.0 s as in this research 
[16]. 

3.1. Lateral strength of bare rocking panels 

In this Section, the contribution of the bare rocking panels (i.e. 
without dissipative connections) to the lateral strength and stiffness of 
the whole structural system (Fig. 3) is discussed. In this regard, the 
horizontal force generated at the control point by the rocking panels 
depends on the amplitude of the displacement (dH) and obeys to a bi- 
linear and reversible force-displacement relationship shown in Fig. 7. 
Before the activation of the rocking movement, the response of the panel 
is governed by its elastic flexural stiffness (kP,H,1 = kP,H,el) that allows the 
introduction of the relevant (apparent) “yielding displacement” (d̃P,H,y). 
The breakaway force (F̃P,H,y) that is necessary to trigger the first rotation 
of the panel can be approximated as (WS = 0 for “scheme 1″): 

F̃P,H,y ≅
b(WP/2 + WS)

h
(18) 

After the breakaway, the lateral strength of the panel tends to 
decrease generating a negative “post-yielding” slope (kP,H,2 < 0). Indeed, 
as shown in Fig. 6, for higher displacements the lever arms of the vertical 
loads WP (i.e., bʹ

P), and WS (i.e., bʹ
S) tend to decrease while, on the con-

trary, that of FP (i.e., hʹ) tends to increase. At the maximum displacement 
(dH,max) the lateral strength (FP,H,max) of the panel is (WS = 0 for “scheme 
1″): 

FP,H,max =
[
WP • bʹ

P,αmax
+WS • bʹ

S,αmax

]/
hʹ

αmax
(19)  

being: b́P,αmax
= bʹ

P(αmax), b́S,αmax
= b́S(αmax), and hʹ

αmax
= h́ (αmax). 

It is worth noting that, since in the unloading the same bilinear 
response is retraced (with opposite direction), the panels do not offer 
any energy dissipation capacity. Therefore, the linear equivalent dy-
namic properties, i.e. effective stiffness (kP,H,eff ) and equivalent viscous 
damping (ξP,H,eq), are: 
{

kP,H,eff = FP,H,max
/
dH,max

ξP,H,eq = 0% (20)  

3.2. Lateral strength due to friction connections 

In this Section, the contribution of the dissipative connections to the 
overall lateral stiffness and damping of the whole structural system 
(Fig. 3) is discussed. In particular, for sake of brevity, only friction 
connections will be considered since experimental evidences [11] 
proved that they are characterised by a pronounced positive slope in the 
first and third quadrants, useful to counterbalance the negative slope 
after rocking. This does not limit the range of validity of the proposed 
model since “yielding connections” featuring an elastic perfectly plastic 
response are covered by the more general model presented hereafter. In 
this regard, for the sake of simplicity, the relative displacement occur-
ring within adjacent friction connections is approximated with the 
vertical displacement at the base of the panel (dV). The 
force-displacement response of the friction connections is shown quali-
tatively in Fig. 8-a. At the motion breakaway, the connection develop a 
resisting force FC equal to FC,0 while a sort of “hardening effect” with 
slop equal to kC,2 can (not always) be appreciated for higher displace-
ment amplitudes until the maximum force (FC,max) is reached: 

FC,max = FC,0 + kC,2 • dV,max = FC,0 + kC,2 • b • sinαmax (21) 

This formula is based on the results of a wide experimental campaign 
carried out to characterise some prototypes of friction connection for 
dissipative panels [11]. An example of these connections is shown in  
Fig. 9-a,b,c with the relevant recorded hysteretic loops reported in 
Fig. 9-d. In line with the design targets, the connections exhibit a 
remarkable sliding (tangent) stiffness kC,H,2 ≅ 0.9kN/mm. This stiffness 
has a beneficial effect on stabilising the rocking motion of panels. 

Fig. 7. Force-displacement response of rocking panels without connections.  
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Due to the intrinsic nature of friction connections, the elastic stiffness 
of the system that precedes the sliding motion theoretically is very high 
(theoretically tends to infinite). However, for the calculation of the 
effective damping offered by the connection (related to the achieved 
ductility level), it is convenient to refer to the horizontal component 
(FC,H, see the previous Section) as a function of the horizontal 

displacement (dH) of the control point P (Fig. 8-b). Within this frame-
work, the hysteretic response of the connection is altered by the elastic 
flexural deformations (kP,H,el) of the panel and a kind of apparent elastic 
stiffness of the connection (k̃C,H,1 = kP,H,el) is introduced allowing the 
definition of the relevant (apparent) “yielding displacement” (d̃C,H,y): 

Fig. 8. Hysteretic response of the dissipative friction connections: (a) force vs. vertical relative displacement among the adjacent panels; (b) force vs. horizontal 
displacement at the control point. 

Fig. 9. Prototype of friction connection for dissipative panels [11]: (a) components in axonometric view; (b) device assembly for characterisation tests; (c) device 
under the maximum drift; (d) recorded hysteretic loops. 
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d̃C,H,y = FC,0

/
k̃C,H, 1 (22) 

The maximum amplitude of FC,H can be calculated as: 

FC,H,max = FC,max • (b/h́ ) (23) 

Or alternatively: 

FC,H,max = FC,H,0 + kC,H,2 •
(

dH,max − d̃C,H,y

)
(24)  

being dH,max the maximum horizontal displacement at the “control 
point” P (obtained through Eq. 8 for α = αmax), FC,H,0 the strength at 
motion breakaway, and kC,H,2 the “post-yielding” slope: 

FC,H,0 = FC,0 • (b/h́ ) (25)  

kC,H,2 =
(b/hʹ) •

(
FC,max − FC,0

)

(
dH,max − d̃C,H,y

) (26) 

The effective stiffness offered by the connections in the horizontal 
direction (kC,H,eff ) is: 

kC,H,eff = FC,H,max
/
dH,max (27) 

The equivalent viscous damping can be estimated through the 
analytical expression proposed in [5] for elasto-plastic systems: 

being μC = dH,max/d̃μ,H,y the (apparent) ductility demand on the dissipa-
tive connection. Concerning the application of Eq.(28) to this specific 
case, it is worth noting that: (1) besides the ductility demand (μC), the 
effective vibration period (Teff regulated by the overall secant stiffness of 
the system - see Eq. (1)) plays an important role in the definition of the 
equivalent viscous damping of the connections (ξC,H,eq); (ii) the length of 
the slotted holes (see Fig. 9(a)), limiting the ductility capacity of the 
friction plates, may be adjusted to act as a stopper that prevent the ex-
ceedance of the ultimate deformation capacity of the frame (i.e., 
dtarg < dF,u, see Section 3), if present; (iii) the accuracy and suitability of 
DBD models have been recently demonstrated also for friction based 
systems [12] that are intrinsically characterized by high ductility ratios 
(μ > 6). 

3.3. Overall response of the rocking panels with the dissipative 
connections 

The overall response of the rocking panels equipped with the dissi-
pative friction connections can be obtained exploiting the effect super-
imposition of the two contributions. The result is a “flag shaped” 
hysteretic loop whose formulae to calculate the point-to-point force- 
displacement coordinates (dH − FP+C) are given in Table 1. In this re-
gard, for sake of clarity, the point number (e.g., point “1″) is at subscript 
of both coordinates (e.g., d1 − F1). 

As shown in Fig. 10, by varying the properties of the panels and 
dissipative connections, four different cases can be distinguished: 

Case (a). the system is not self-centring since at the inversion of the 
motion offers a significant residual strength, i.e., F3< 0 and F4 < 0. This 
is due to the fact that the friction force offered within the connection is 
higher than the re-centring force offered by the panels, i.e. at point 3 
(
nc • FC,0 • b

)
> np •

(
WP • bʹ

P,αmax
+WS • bʹ

S,αmax

)
, and at point 4 

(
nc • FC,0 • b

)
> np •

(
WP • bʹ

P,α=0 +WS • bʹ
S,α=0

)
;. 

Case (b). the system is self-centring since at the inversion of the mo-
tion offers a significant re-centring force, i.e., F3 >0 and F4 > 0. This is 
due to the fact that the friction force offered within the connection is 
lower than the re-centring force offered by the panels, i.e. at point 3 

(
nc • FC,0 • b

)
< np •

(
WP • bʹ

P,αmax
+WS • bʹ

S,αmax

)
, and at point 4 

(
nc • FC,0 • b

)
< np •

(
WP • bʹ

P,α=0 +WS • bʹ
S,α=0

)
;. 

Case (c). the system is self-centring and auto-equilibrated since at the 
inversion of the motion offers a null residual strength, i.e., F3 ≅0 and 
F4 = 0. This is due to the fact that the friction force offered within the 
connection is equal to the re-centring force offered by the panels, i.e. at 

point 3 
(
nc • FC,0 • b

)
≅ np •

(
WP • bʹ

P,αmax
+WS • bʹ

S,αmax

)
, and at point 4 

(
nc • FC,0 • b

)
= np •

(
WP • b́P,α=0 +WS • b́S,α=0

)
. This also maximises the 

dissipation capacity of the connection without compromising self- 
centring;. 

Table 1 
Point-to-point force-displacement coordinates of the hysteretic loop of rocking panels with dissipative connections.  

point dH FPþC  

1 d1 = (F̃P,H,y + F̃C,H,y)/kP,H,1 
F1 =

np •
(

WP • b́P,α=0 + WS • b́S,α=0) + nc • (FC,0 • b
)

h́α=0  
2 d2 = dH(αmax) = dH,max (seeEq. 8) 

F2 =
np •

(
WP • b́P,αmax

+ WS • b́S,αmax
) + nc • (FC,max • b

)

hʹ
αmax  

3 d3 = dH,max − (F2 − F3)/kP,H,1 

F3 =
np •

(
WP • b́P,αmax

+ WS • b́S,αmax
) − nc • (FC,0 • b

)

h́αmax  

4 d4 = 0 
F4 =

np •
(

WP • b́P,α=0 + WS • b́S,α=0) − nc • (FC,0 • b
)

h́α=0  
5 d5 = − d1 F5 = − F1  

6 d6 = − d2 F6 = − F2  

7 d7 = − d3 F7 = − F3  

8 d8 = − d4 F8 = − F4  

ξC,H,eq =

⎧
⎪⎪⎨

⎪⎪⎩

140
π •

(

1 −
1
̅̅̅̅̅μC

√

)

•

(

1 +
1

(
Teff + 0.85

)2

)

•

(

1 +
1

1.352

)− 1

when μC ≥ 1.0

0 when μC < 1.0

(28)   
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Case (d). the system behaves similarly to that of Case (c) with the only 
difference that here the friction connections are characterised by null 
“post-yielding” stiffness (kC,H,2 = 0). This is the worst case. Indeed, 
despite the self-centring capability (i.e., F3 ≅0 and F4 = 0), the lateral 
strength decreases as the displacement amplitudes increase leading to an 
unstable system. In this case, the tangent slope from point 1 to point 2 
coincides with the negative lateral stiffness (i.e., kP,H,2 < 0) of the 
rocking panels only. The design of the friction connections should aim to 
avoid this circumstance also because DBD procedures may be not 
reliable. 

It is worth noting that all these four behaviours (Fig. 10) are easy 
replicable varying the design parameters of the friction connections (i.e., 
nc, FC,0 and kC,2). However, since both the self-centring capability and a 
stable lateral response (i.e., positive force-displacement slope) are 
beneficial in seismic conditions, the design of the connections should 
aim to promote hysteretic loops of type-b or type-c. 

4. Model validation with seismic tests of a full-scale prototype 

In this section, the previously developed analytical models are vali-
dated using the results of tests carried out on a full-scale prototype of 
precast industrial building equipped with dissipative rocking panels 
installed according to the “scheme 1″ (see Fig. 3 and Fig. 6) [31]. These 
experiments were performed at the European Laboratory for Structural 
Assessment (ELSA) testing facilities of the Joint Research Centre (Ispra, 
Italy). Both displacement-controlled cyclic quasi-static tests and a 

pseudo-dynamic (PsD) test were performed. The cyclic quasi-static tests 
are employed hereafter to verify the proposed hysteretic models for the 
coupled response of rocking panels and the dissipative connections, 
whereas the PsD test are exploited to validate the suitability of the 
spectral procedure to predict the lateral response of the overall struc-
tural system under real ground motion records. 

The prototype consisted of a single-storey building: 8.13 m high, 
made by two parallel frames (longitudinal direction) which were placed 
5.0 m from one other (transversal direction), with 8.0 m bays, as shown 
in Fig. 11-a,b. Each frame was composed by three square columns, 
500 mm side, which were inserted into pocket plinths fastened to the 
laboratory strong floor. They were linked to each other by two foun-
dation beams which were bearing also a total of 6x2 = 12 rocking panels 
(i.e., np = 12). Six columns supported the roof beams (750 × 500 mm) 
that in turn carried seven slabs (350 mm thick), with masses comparable 
to common buildings with this typology. 

The main frame was designed for seismic actions compatible with the 
EC8 response spectrum for soil type B featuring a Peak Ground Accel-
eration (PGA) equal to 0.36 g at Ultimate Limit State (ULS, see Fig. 12- 
a). The rocking panels, each featuring b = 2.5m, h = 8.4m, and a 
cantilever lateral stiffness kP,H,el = 4.8kN/mm, were equipped with: (i) a 
steel “rocking socket” at both base corners; (ii) a single dissipative 
friction connection capable to develop a strength FC,0 = 60kN, and a 
“post-yielding” slope kC,2 = 2.0kN/mm (the structure was hence equip-
ped with a total of ten connections, i.e. nc = 10); (iii) a top connector, 
consisting of a steel plate with a vertical slotted hole, conceived to 
transmit only horizontal inertia loads. According to the “installation 

Fig. 10. Possible hysteretic responses of the dissipative rocking panels: (a) system not self-centring; (b) system self-centring; (c) system self-centring and auto- 
equilibrated; (d) system self-centring but unstable since featuring a negative “post-yielding” slope (i.e., kP,H,2 < 0). Refer to Table 1 for point-to-point force- 
displacement coordinates. 
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scheme 1″, the gravitational load of the main frame was supported by the 
six columns, while the rocking panels were subjected only to their self- 
weight. It is wort noting that the fundamental period of the bare frame 
(i.e., devoid of dissipative connections) was 1.53 s with a participation 
mass m1 = 170tons (i.e., about the whole mass of the roof plus 50 % of 
the mass of columns plus panels) and, as commented later for the PsD 
test at ULS, it was reduced by the introduction of the friction connections 
that increased both the damping and the lateral stiffness of the system. 

Three group of tests were carried out: (1) first, a “cyclic pushover” 
test (test id “O1a-0″ in the referred paper), with increasing displacement 
amplitudes up to ± 63 mm, was carried out on the main bare frame (i.e., 
without panels) in order to identify its mechanical properties. It is worth 
noting that under the imposed maximum drift 

(63mm/8130mm ≅ 0.8%) the main frame (i.e. six columns) remained 
within its elastic range leading to a lateral stiffness equal to kF,eff =

kF,el = 2.85kN/mm (see Fig. 13-a); (2) the same cyclic test was later 
executed on the frame plus the rocking panels devoided (test id V2cb-1, 
see Fig. 13-b) and equipped (test id V2ca-1) with the dissipative friction 
connections; (3) eventually, two pseudo-dynamic (PsD) tests, one at ULS 
(id “V2ca-2.1″, PGA=0.36 g) and one at SLS level (id “V2ca-2.2″, 
PGA=0.18 g) were performed to investigate the actual seismic response 
of the system under real earthquakes. At ULS level, the original “Tol-
mezzo 1976″ (Udine, Italy) ground motion record (Fig. 12-a) was slightly 
modified in order to ensure the spectral matching (Fig. 12-b) with the 
EC8 design spectrum along with the whole range of periods (i.e., 
0÷4.0 s). At SLS level, the amplitudes of the same time-history were 

Fig. 11. Single-storey prototype building tested at the ELSA Lab: (a) planar layout, and (b) vertical section view of the main frame; (c) picture of the arrangement of 
the dissipative rocking panels installed along longitudinal frame. 
Adapted from [31]. 

Fig. 12. Seismic input enrolled in PsD test: (a) “modified Tolmezzo” ground motion record; (b) relevant spectral matching with the EC8 design spectrum.  
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scaled at 50 % (i.e., PGA=0.18 g). This allowed the Authors to perform 
the two PsD tests considering a single record, instead of the larger set of 
records prescribed by the Standard, without losing significance. Further 
details about the tests can be found aforementioned paper [31]. 

Subtracting point-to-point the elastic force of the main frame (FF =

kF,el • dH) from relevant values recorded for test V2cb-1 and test V2ca-1″, 

it is possible to “isolate” the strength contribution of the twelve rocking 
panels (dH − FP,H), and equipped with the friction connections 
(dH − FP+C,H). The comparisons with the backbone F-d curves obtained 
through the proposed analytical models are shown in Fig. 13-c, and 
Fig. 13-d, respectively. For test V2cb-1″ the agreement between the 
analytical model and the experimental data is excellent in the positive 

Fig. 13. Comparison between cyclic tests’ data and relevant “backbone” curves obtained through analytical model: (a) main bare frame; (b) frame plus rocking 
panels (i.e., no dissipative connections); (c) contribution of rocking panels only; (d) rocking panels equipped with dissipative connections; (e) contribution of one 
dissipative connection. 
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loading direction, i.e., positive displacements, both in the elastic and in 
the “post-yielding” field with a small discrepancy of the forces at the 
peak displacement (+139.6 kN vs. +147.9 kN, i.e., equal to 5.6 %). The 
discrepancy becomes slightly higher (− 139.6 kN vs. − 157.0 kN) in the 
opposite direction, i.e., negative displacements, where it reaches the 
(acceptable) value of 11.0 %. Moreover, it is surprisingly noting that this 
configuration of the mock-up exhibited a certain energy dissipation as 
witnessed by the fact that the recorded loops are not perfectly over-
lapped but delimitate an internal area (i.e., dissipated energy). This is 
most likely due to the presence, within the slotted connectors at the top 
of the panels, of a parasitic friction force whose contribution cannot be 
accounted for in analytical calculations. 

The agreement between the analytical model and the experimental 
data was found excellent also for the test V2ca-1 during both in the 
elastic and in the “post-yielding” fields of the positive loading direction. 
The discrepancy was lower than in test V2cb-1 and identical in both 
loading directions, namely equal to 4.0 % (+433.2 kN vs. +451.3 kN) 
and 3.9 % (− 433.2 kN vs. − 416.8 kN), respectively. As reported in 
Fig. 13-e, subtracting again point-to-point the force-values of test V2cb-1 
(rocking panels only, Fig. 13-c) from those of test V2ca-1 (panels with 
dissipative connections, see Fig. 13-d) and dividing for the total number 
of connections, it is eventually possible to identify, in average terms, the 
contribution of the single friction connection (dH − FC,H) to the lateral 
response of the structure. The analytical model is again very precise in 
predicting the response of the friction connection in the positive loading 
direction (at peak displacement, +29.0 kN vs. +30.3 kN, i.e., discrep-
ancy 4.3 %) while, in the opposite direction, the discrepancy is larger 
(− 29.0 kN vs. − 25.6 kN, i.e., 13.3 %). 

The results of the two pseudo-dynamic (PsD) tests (i.e., “V2ca-2.1″ at 
ULS and “V2ca-2.2″ at SLS) allow to verify the suitability of the proposed 
spectral procedure to predict the lateral response of single-storey 
buildings featuring rocking panels equipped or devoid of the afore-
mentioned friction connections. The first condition refers to the PsD test 

at ULS level: the predicted (absolute) spectral displacement is Sd

(
Teff ,

ξeq

)
= 51.0mm (see Fig. 14-a), against a peak of − 57.1 mm measured 

experimentally (i.e., 10.7 % of error, see Fig. 14-b), being Teff = 0.78s 

the effective oscillation period, and ξeq = 16.8% the overall equivalent 
viscous damping (corresponding spectral reduction factor η = 0.61). See  
Table 2 for the complete set of the linear equivalent mechanical prop-
erties (i.e., main frame, the rocking panels, and the dissipative friction 
connections). 

For the PsD test at SLS level, the friction connections were removed 
resulting in a structural system devoid of significant sources of energy 
dissipation (i.e., pure rocking panels) and expected to undergo larger 
lateral deformations. That is why, in this case, only the weak SLS seismic 
input was performed in order to avoid damages to both the main frame 
(F) and the panels (P). The relevant spectral calculation (parameters 
again listed in Table 2) was easily adapted by setting nC = 0, i.e., 
number of friction connections equal to zero. The widely acceptable 
accuracy of the proposed analytical model is proven by Fig. 15-b that 
shows the comparison between peak displacement predicted though the 
spectral procedure and the experimental displacement-history recorded 
during the PsD test. In line with the previous comparison, the experi-
mental (absolute) peak displacement of 57.6 mm, recorded at about 
t = 6.3 s, was only marginally higher (i.e., 10.6 %) that the relevant 
spectral prediction of 52.1 mm. 

In this regard, it is worth noting that: (a) since for the considered 
single-storey frames Γ1 = 1.0, the predicted spectral displacement cor-
responds to the actual lateral deformation of the real frame; (b) since 
during both PsD tests the main frame remained in its elastic range 
(μF < 1.0), its equivalent viscous damping consisted of its elastic 
contribution (i.e., ξel,F = 5%) and null hysteretic energy dissipation (i.e., 
ξF,eq = 0%). 

In conclusion, these achievements prove that the proposed spectral 
procedure, besides being simple and enough precise, can be employed 
for the design of single-storey buildings with rocking panels either 
equipped or devoid of dissipative friction connections. Future de-
velopments of this study will be focused on the extensions of this 
formulation to multi-storey frames also through the comparison with 
NLTH analyses. 

Fig. 14. Seismic response of the case-study building at ULS level: (a) maximum displacement predicted though the response spectrum analysis; (b) comparison with 
the displacement time-history recoded during the PsD test. 

Table 2 
Linear equivalent mechanical properties employed for both ULS and SLS spectral calculations.  

seismic level main frame (F) Rocking Panels (P) Friction Connections (C) 

kF,eff (kN/mm) ξF,eq (%) kP,H,eff (kN/mm) ξP,H,eq (%) kC,H,eff (kN/mm) ξC,H,eq (%) 

ULS 
(PGA=0.36 g) 

2.85 
(kF,eff = kF,el) 

0 
(μF < 1.0)  

2.74  0 5.57 35.6 
(μC = 9.5) 

SLS 
(PGA=0.18 g) 

2.85 
(kF,eff = kF,el) 

0 
(μF < 1.0)  

2.82  0 n.a. n.a.  
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5. Conclusions 

This study introduces a simplified model for rocking panels with 
panel-to-panel friction connections, possibly integrated with a moment- 
resisting frame. The resulting system exhibits force-displacement loops 
with significant slopes in the first and third quadrants. This allows for (i) 
compensation of the inherent negative stiffness in pure rocking motions, 
(ii) maximization of dissipated energy while maintaining self-centring 
capability reliant on gravity load only, and (iii) simulation of the sys-
tem as a Single Degree of Freedom (SDOF) oscillator using a simplified 
procedure. The proposed tool was conceived to:  

• simulate the response of the frame, the panels and the dissipative 
connections, combining all or a subset of them;  

• support engineers and practitioners when calculating the seismic 
response of two different layouts of rocking panels (see Section 3): 
(1) the scheme-1 is more typical for precast concrete framed build-
ings with heavy-weight cladding; (2) the scheme-2 features gravity 
load-bearing panels without a main resisting frame as more common 
in modern timber buildings;  

• account for the four different hysteretic responses (see Section 3.3) 
that can be achieved by varying the geometric and boundary con-
ditions of the panels and the mechanical parameters of the friction 
connections. 

The proposed method does not aim to replace more complex and 
accurate methods that allow the modelling of rocking systems in 
analytical form. It shall be applied to a single-storey building within the 
following limitations/assumptions:  

• the rocking motion of the panels occur around a “pivot-type” rotation 
point (i.e., devoid of a smeared compression zone);  

• while the model is capable to account for the inelastic damage of the 
main resisting frame, it has not been validated against this 
occurrence;  

• accuracy may be reduced for very stiff structures with oscillation 
periods below 0.30 s 

The procedure has been calibrated using the results of cyclic 
pushover and validated against results of pseudo-dynamic (PsD) tests 
carried out on a full-scale prototype of a precast industrial building 
(see Section 4). In this regard:  

• the comparison with the experimental loops of the first type of tests 
proved a fair accuracy of the proposed hysteretic model. Indeed, 
maximum errors of 11.0 % and 13.3 % were detected in the quan-
tification of the peak forces offered by the rocking panels and the 
friction connections, respectively; 

• the results of two pseudo-dynamic tests revealed maximum differ-
ence of about 11 % between the maximum lateral displacements of 

the same case-study structure under the selected ground motions and 
the relevant values predicted through the proposed (simple) spectral 
calculation tool. 

Future developments of this study will be focused on the extensions 
of this analytical tool to multi-storey frames also through the compari-
son with NLTH analyses. In addition, the Authors will soon publish new 
test results from a two-storey, full-scale Cross Laminated Timber (CLT) 
building, enabling validation of the simplified model with new config-
urations of panels and connections. 
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