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ABSTRACT 
In recent years, self-centring systems have received considerable research interest in the seismic design of precast concrete 
structures for their ability to limit damage and satisfy resilience requirements. Rocking and hybrid structural walls, characterised 
by the formation of a single gap at the wall–foundation interface, mitigate damage by permitting controlled rocking motion, while 
gravity loads and unbonded post-tensioning tendons provide the restoring force necessary for self-centring. Supplementary energy 
dissipation is typically supplied by partially unbonded mild steel bars, producing the characteristic flag-shaped hysteretic response. 
This study examines the finite element modelling of rocking and hybrid precast concrete walls, with particular focus on the 
influence of key modelling assumptions and parameters governing the wall–foundation interface. Both component-level (single- 
w all) and system-level (full-structure) models are considered. Three alternative modelling strategies are evaluated to represent the 
rocking interface: (i) fibre-based beam elements, (ii) distributed compression-only translational springs and (iii) lumped nonlinear 
rotational springs at the wall base. Nonlinear static and dynamic analyses are conducted, and numerical results are validated 
against shake-table tests performed on a three-storey, half-scale precast concrete building representative of a parking structure, 
tested on the Large High-Performance Outdoor Shake Table at the University of California, San Diego. To enable consistent 
interpretation of the modelling results and to account for the coupled influence of multiple parameters on the nonlinear response, 
a constrained nonlinear least-squares optimisation employing a multistart strategy is used to calibrate the numerical models by 
minimising the discrepancy between experimental and simulated displacement and base shear time histories. The results delineate 
the relative strengths and limitations of each modelling approach. The proposed wall–foundation rocking interface formulations 
incorporating either fibre-based beam elements or distributed compression-only translational springs demonstrate very good 
agreement with the experimental measurements. 

1 Introduction 
Re-centring structural systems provide an effective means 
of reducing seismic vulnerability and minimise or even 
eliminate building downtime after an earthquake. These 
systems use unbonded post-tensioning cables or bars sleeved 
within precast structural elements and often incorporate 

hysteretic or viscous devices for energy dissipation. They are 
classified as either rocking systems or hybrid systems, with 
the latter incorporating hysteretic energy dissipation devices 
to further improve performance. The main advantages of 
these systems are limiting structural seismic damage and 
increasing post-earthquake building operational capacity. 
Rocking walls, or rocking frames, consist of one or more 
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FIGURE 1 (a) Schematic view of a rocking-hybrid wall; (b) idealised behaviour for the rocking wall (red line—elastic bilinear) and hybrid wall 
(black line—flag-shaped) configurations. 
framing elements that can rotate (‘rock’) at specific interfaces 
[ 1–1) ]. 
To increase the energy dissipation of rocking systems, which 
otherwise exhibit elastic bilinear behaviour with limited 
damping, additional dissipation devices may be incorporated 
[ 1) ]; [ 8, 1&–1( ]; [ 18 ], such as unbonded mild steel bars, 
hysteretic devices, linear or non-linear fluid-viscous devices 
and friction devices. These systems are defined as ‘hybrid’ 
and are characterised by a flag-shaped hysteretic curve 
(Figure 1 ). 
As part of the PRESSS project, various studies and experimental 
tests have been conducted on rocking and hybrid systems [ %, 19–
21 ], combining precast walls with unbonded mild steel bars at the 
wall–foundation interface or with external dissipative elements, 
such as viscous devices. The resulting system exhibits a hysteretic 
response characterised by the typical flag-shaped curve, in which 
the yielding of the longitudinal mild steel bars provides the 
required energy dissipation, with an equivalent viscous damping 
ratio greater than 28%, according to Holden et al. [ 8 ]. 
This paper examines the finite element modelling of rocking and 
hybrid walls to assess the impact of different modelling strategies 
on the global seismic response of rocking systems [ %, 22–2( ]. 
Three modelling approaches for analysing the nonlinear response 
of the rocking wall–foundation interface are discussed herein: 
(i) fibre elements at the wall–foundation interface [ 22, 28, 29 ], 
(ii) multiple compression-only translational springs and (iii) a 
lumped rotational spring [ 28, )0, )1 ]. 
Single walls were first modelled with nonlinear finite elements 
to evaluate the effectiveness of the modelling strategies at the 
component level, where parameters and response quantities 
can be more easily controlled. Sensitivity analyses were also 
conducted to assess the influence of key modelling assumptions. 
The testbed used to compare the various modelling approaches 
is the three-storey precast building of the Diaphragm Seismic 
Design Methodology (DSDM) research programme [ 11, )2, )) ]. 
This building was constructed at half-scale and tested on the US 

National Science Foundation-funded Large High-Performance 
Outdoor Shake Table (LHPOST) at the University of California, 
San Diego [ )&, )5 ]. All numerical models were developed using 
the open-source finite element software OpenSees [ )% ]. An 
analytical formulation is then derived to capture the concrete 
deformation at the wall base and define the stiffness of the rocking 
interface elements. Complete models of the entire building are 
subsequently developed by incorporating the wall modelling 
strategies and insights obtained from the single-wall analyses. 
Finally, a least-squares optimisation procedure is implemented 
to identify the optimal values of the main parameters governing 
the nonlinear dynamic response of the building, showing good 
agreement with those derived from the proposed analytical 
formulation. 

2 Description of the Testbed Structure 
The testbed building was built at half-scale, satisfying geometric- 
similitude and tested in 2008. The main dimensions of the 
building are shown in Figure 2 . The total height was (.01 m, and 
the plan measured 1(.1 m long and &.88 m width. The inter-storey 
height of each floor was 1.98 m. The floor masses were 208, 219 
and 195 kN/g for the first, second, and third floors, respectively. 
The gravity load was supported by ten precast columns. Two 
2.&& m long by (.01 m high by 0.2 m thick post-tensioned walls 
provided the bulk of the lateral resistance. Each wall had two 
sets of post-tensioned tendons (five strands each with an area 
of &95 mm2 ) for re-centring capacity (Figure 2a ). The walls were 
configured as rocking walls for sites in low-seismic regions and as 
hybrid walls for moderate and high-seismic regions. The change 
in configuration from rocking to hybrid was achieved by grouting 
partially unbonded reinforcing steel bars at the wall–foundation 
interface [ (, 11, )( ] and by changing the prestressing force. The 
concrete cylinder compressive strength of the walls was 5) MPa, 
as average value during the testing period, with an ultimate 
deformation capacity of 0.55% in unconfined areas, and 81 MPa 
and ).8%, respectively, in the confined regions at the wall toes, as 
obtained according to Mander et al. [ )8 ]. 
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FIGURE 2 (a) Geometry of the wall, (b) plan view of the building and (c) wall base cross-section. The measurements are expressed in meters. 
Walls were prestressed with 5 × 12.( mm diameter low-relaxation 
strands meeting ASTM A&1%. The strands had a measured yield 
strength, defined by the 0.2% strain offset method, of 1800 MPa 
and a tensile strength of 1915 MPa. When the walls were con- 
figured as ‘rocking’, each tendon was stressed to 2)% kN before 
testing, whereas for the ‘hybrid’ configuration, the stressing force 
in each tendon was increased to )21 kN before testing. The 
dissipators consisted of 22 mm reinforcing bars meeting ASTM 
A(0%. The measured yield and tensile strengths of these bars were 
&90 and %() MPa, respectively. The measured uniform elongation 
was 12.)%. The dissipators were embedded inside a corrugated 
steel duct placed in the precast wall, but the ducts were only 
grouted when changing the walls from the rocking to the hybrid 
configuration. For this purpose, the dissipators in positions 2 and 
& (Figure 2c ) were grouted. 
The structure was tested using ground motions representative 
of different seismic regions. The seismic sequences correspond 
to the cities of Knoxville (Tennessee), Seattle (Washington) and 
Berkeley (California), which are characteristic of US regions 
with low, medium and high seismicity, respectively [ 11 ]. For 
the Knoxville case, a rocking wall configuration was used, that 
is, without grouting the bars at the wall–foundation interface. 
In contrast, for the Seattle and Berkeley cases, a hybrid wall 
configuration was considered by grouting the bars as previously 
mentioned [ )2 ]. The Berkeley case was further subdivided into 
Berkeley-DBE for the design earthquake and Berkeley-MCE for 
the maximum considered earthquake. Figure ) presents the 
unscaled elastic response spectra (5% damping) for each scenario, 
including the fundamental period of the structure obtained from 
low-amplitude white-noise excitation [ )( ]. 
No damage was observed during the Knoxville test, with limited 
uplifting at the wall base. The Seattle test showed no wall damage 
but diaphragm chord failures requiring repair; the final test 

FIGURE 3 Unscaled pseudo-acceleration response spectra for the 
test model structure (5% damping). 
Note : T0 is the reference period of the tested structure. 
(Seattle-&) is adopted as reference. During the Berkeley-DBE test, 
a post-tensioning cable broke, affecting the subsequent Berkeley- 
MCE test [ )2, )( ]. The Knoxville response was essentially elastic 
nonlinear, with a maximum base rotation of ).2 mrad. The Seattle 
and Berkeley tests exhibited hybrid behaviour with flag-shaped 
hysteresis, reaching maximum base rotations of 8.( and 19.2 
mrad, respectively. In all cases, damage was limited to minor 
concrete spalling at the wall base. Detailed results can be found 
in Schoettler et al. [ 11 ] and Belleri et al. [ )2 ]. 
3 Finite Element Modelling: Single Wall 
Three alternative modelling strategies are investigated to rep- 
resent the nonlinear rocking behaviour at the wall–foundation 
interface: a fibre-based formulation, a multiple compression-only 
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FIGURE 4 Representation of the considered FE models: (a) fibre model, FM; (b) multiple compression-only translational spring model, MS; (c) 
rotational lumped spring, RS. 
TABLE 1 Starting values of the parameters considered in the 
sensitivity analysis. 
Parameter FM MS 
Ls % ϕd + % ϕd % ϕd + % ϕd 
Erocking 0.02 ·Ec // 
Nx 125 // 
Lspring // 0.5 ·Lwall 
ξ 0.01 0.01 

translational spring model, and a lumped nonlinear rotational 
spring model. The modelling strategy is developed in two stages. 
First, finite element models of a single wall (Figure & ) are used 
to evaluate the influence of key modelling parameters governing 
rocking under controlled conditions. Subsequently, the wall mod- 
els are implemented in the finite element model of the complete 
structure to evaluate the system-level response. All numerical 
models were developed using the open-source software OpenSees 
[ )% ]. In the single-wall models, lumped masses were assigned 
at each floor level, and fibre elements were used to model the 
wall. Because diaphragm masses dominate the total mass, the 
rotational inertia of the walls is neglected. The effectiveness 
of the three finite element modelling approaches was then 
systematically evaluated by comparing their ability to reproduce 
the experimentally observed response at both the component and 
structural system levels. 
In the rotational-spring (RS) formulation, the rocking behaviour 
is fully captured by introducing a nonlinear rotational spring 
that connects the base of the wall to the ground. The rota- 
tional spring is implemented using a ZeroLength element with 
a multilinear hysteretic law, following the classical formulation 
proposed by Vulcano and Bertero [ )9 ]. The nonlinear properties 
of the rotational spring are defined according to the analytical 
expressions proposed by Restrepo and Rahman [ ( ], adopting 
a bilinear elastic idealisation to reproduce the characteristic 
moment-rotation response associated with rocking behaviour 

[ 22 ]. For the hybrid wall configurations, an additional rotational 
spring is placed in parallel with the rocking spring to represent 
the energy-dissipating devices’ contribution. This component is 
modelled using the Dodd-Restrepo hysteretic formulation [ &0 ], 
allowing consistent representation of the nonlinear behaviour of 
the grouted reinforcing bars [ 2&, &1 ]. 
In the multi-spring (MS) formulation, the wall-foundation inter- 
face is represented by a series of axial springs acting only in 
compression [ &2, &) ], allowing separation between the wall and 
the foundation during rocking. The distributed contact behaviour 
at the interface is approximated by uniformly placing 25 elasto- 
plastic compression-only springs along the base of the wall. The 
elastic stiffness of each spring is defined as 𝒌𝒊 𝒏 𝒈 𝑳𝒔𝒑 = 𝒓𝐄 𝐜𝐋𝐰spring , 
where 𝒓𝐄 is the modulus of elasticity of the wall concrete, 𝐜
is the tributary area associated with each spring, and 𝐰spring 
is a reference length. This parameter represents an equivalent 
compression zone at the base of the wall and was provisionally 
assumed equal to half of the wall length Lw , in accordance with 
previous studies [ 19, &), && ]. Its influence is investigated in the 
next section. 
In the fibre-based formulation (FM), the rocking behaviour is 
represented by a fibre section at the wall–foundation interface 
without reinforcing bars and with no tensile strength in the 
concrete. This region was modelled using dispBeamColumn 
elements with fibre sections assigned an elastic no-tension (ENT- 
type) uniaxial material. The elastic properties of the interface 
were defined to ensure consistency with the axial stiffness used 
in the MS model: considering a contact element with a thickness 
s = 25 mm, the resulting elastic modulus of the fibre element at 
the wall–foundation interface is Erocking = 0.02 Ec . 

𝒌𝒊 𝒏 𝒈 𝑳𝒔𝒑 = 𝒌𝐄 𝜀 𝒔.𝑏 𝐄 . 0 10 20 𝒔. 3 𝒓𝐄 𝐜 𝐰4 𝐋2 = 𝒓𝒈 𝜀 𝐄 𝒌𝑳𝒔𝒑 𝐜 𝒊 3 𝒓𝒈 𝜀 𝐄 𝒌𝑳𝒔𝒑 5 0 . 02𝒓𝐄 (1) 
Within the fibre cross-sections of the wall, confined reinforced 
concrete was modelled using the Concrete07 uniaxial material 
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FIGURE 5 Moment-rotation diagrams for FM, MS and RS models for the Knoxville, Seattle-& and Berkeley-DBE tests. 
Note : In the grey line is the experimental test and in the black line the numerical results. 
based on the formulation proposed by [ )8 ], allowing a realistic 
representation of nonlinear compressive behaviour in the wall toe 
region. 
In both the fibre-based and MS formulations, each post- 
tensioning tendon is modelled using a truss element, pinned at 
the base and rigidly connected to the top of the wall via rigid 
links. The energy-dissipating devices are also represented by truss 
elements, whose nonlinear cyclic behaviour is described using 
the Dodd–Restrepo hysteretic model [ &0 ], with the Bauschinger 
effect Omega factor set to 0.(5. The effective length of the 
dissipators corresponds to the unbonded length provided at the 
wall–foundation interface ()8 mm), achieved by wrapping the 
bars with adhesive tape, plus an additional length on each side 
to account for strain penetration. Assuming a strain penetration 
length equal to six bar diameters per side, the total effective 
length is !" = 1)2 mm [ 29, )2 ]. This assumption corresponds 
to a triangular strain distribution over approximately 12 bar 

diameters, equivalent to a constant strain over six diameters per 
side. 
When developing the numerical models for the nonlinear time- 
history analyses, particular attention was devoted to the selection 
of an appropriate damping formulation [ &5–&( ]. The most com- 
mon representation of damping is Rayleigh damping, in which 
the viscous damping matrix is obtained as a linear combination 
of the mass ( # ) and stiffness ( $ ) matrices. 

6 = 7 8 + 9 𝑃 (2) 
For rocking systems, this formulation may generate spurious 
viscous forces at the wall–foundation interface when the initial 
stiffness matrix is used, particularly during phases when the 
gap between the wall and the foundation opens [ 22 ]. In these 
conditions, relative velocities at the interface induce fictitious 
damping forces in both FM and MS models. An apparent appeal- 
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FIGURE 6 Horizontal acceleration time history at the third floor for the FM, MS and RS model for Knoxville, Seattle-& and Berkeley-DBE. 
Note : In the grey line is the experimental test and in the black line the numerical results. 

FIGURE 7 Tornado diagram showing the sensitivity of several parameters in the FM model for Seattle-& and Berkeley ground motion. Results 
expressed as percentage variation in the maximum displacement at the third floor. 
ing alternative is to use a tangent-stiffness-proportional damping 
formulation. However, this approach becomes problematic when 
stiffness softening or negative tangent stiffness occurs, as it 
produces negative damping forces that spuriously inject energy 
into the system. This issue is especially relevant due to the load 
peaks and negative-stiffness response during gap closure [ )2 ]. 
Radiation damping [ &8 , &9 ] is often considered in soil–structure 
interaction problems involving rocking bodies, as it arises from 
relative displacements between the foundation and the surround- 
ing free field. However, its contribution decreases significantly 
under non-radiating boundary conditions, where material and 
interface-related dissipation mechanisms predominate [ 50, 51 ]. 
In the present experimental configuration, the rocking walls 
are supported by a stiff post-tensioned RC foundation beam 
resting on low-friction sliding bearings, rather than on a soil 
half-space. Accordingly, radiation damping is neglected. Energy 
dissipation associated with material deformation is captured 
through the nonlinear wall formulations, while additional dis- 

sipation not explicitly modelled is represented through a small 
mass-proportional viscous damping ratio (1%). This term pro- 
vides a numerically stable equivalent representation of friction, 
gap-closure effects and secondary dissipation mechanisms. 
Non-linear dynamic analyses were conducted considering the 
actual sequence of ground motions used during the experimental 
tests. Figure 5 presents the results of the three FE models in 
terms of base moment (M) as a function of base rotation (R), 
demonstrating that the models can adequately describe the global 
wall behaviour. 
Figure % shows the horizontal accelerations at the top floor, 
which exhibits the largest amplification and most pronounced 
spikes. These spikes are associated with the temporary increase 
in lateral stiffness during unloading near zero rotation [ )2, 
52 ]. The FE models reproduce the overall trend but underes- 
timate these peaks. Overall, the results show that the single 
wall models accurately predict the moment–rotation response, 
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FIGURE ( Tornado diagram showing the sensitivity of several parameters in the MS model for Seattle-& and Berkeley ground motion. Results 
expressed as percentage variation in the maximum displacement at the third floor. 
although differences arise during gap closure due to acceleration 
spikes. 
A sensitivity analysis was conducted to assess the influence of 
the modelling parameters on the wall’s response. Each parameter 
was doubled and halved with respect to its reference value. The 
parameters considered are: the strain penetration length ( Ls ) 
for the hysteretic devices (the reference value is six times the 
diameter, ϕd , of the dissipation bar for each side of the rocking 
interface); the modulus of elasticity of the element at the rocking 
interface ( Erocking ); the number of fibre subdivisions ( Nx ) along 
the longitudinal direction at the rocking interface; the reference 
length of the translational compression-only springs at the wall 
base ( Lspring ); the damping ratio used in the analyses ( ξ). The initial 
values for each parameter are given in Table 1 for the FM and MS 
models. 
Figure ( shows the influence of the most important parameters 
of the FM model on the maximum displacement of the wall on 
the third floor. The results are presented in a tornado diagram, 
considering the ground motions of Seattle and Berkeley. Ls is 
the most significant parameter affecting the FM model results 
followed by Erocking , while Nx and ξ have limited influence. 
Similarly, Figure 8 shows the influence of the MS model param- 
eters. The response is mainly governed by Ls and Lspring . A 
sensitivity analysis on the number of springs confirms that 
25 springs are adequate for global response prediction [ 22, 28, 
&) ], while a higher discretisation is required for local contact 
behaviour. 

4 Rocking Interface Stiffness Model 
Given the dominant role of the rocking interface deformability 
highlighted by the sensitivity analyses, as represented by 𝐰spring 
in the MS formulation and by 𝒓rocking in the fibre-based model, 
an analytical evaluation of the compressive strain development at 
the wall base is performed. During rocking, a stress discontinuity 
region develops at the wall-foundation interface, within which 
compressive stresses are concentrated. This region is assumed to 
extend over a characteristic height of the order of the wall length 𝐰4 . Under this assumption, the depth of the compressed zone may 
be idealised as varying linearly from the neutral axis at the wall 
base to the full wall width at a height equal to 𝐰4 (Figure 9a ). 
A triangular strain distribution is assumed for each cross-section 
within this region (Figure 9a ). 

FIGURE ) (a) Idealised strain distribution at the bottom of the 
wall during rocking. (b) Corresponding strain distribution at the outer 
compressed edge of the wall during rocking. 
TABLE 2 𝒓𝒈 𝜀 𝐄 𝒌𝑳𝒔𝒑 and 𝐰𝒊 𝒏 𝒈 𝑳𝒔𝒑 obtained for different neutral axis 
ratios. 𝜒 ⋅Δ(𝑧)𝑑𝐹𝑞 DE𝑅𝑥𝑑𝐹𝑞 
0.10 0 . 0155 Ec 0 . 66 Lw 
0.15 0 . 0148 ,𝑗 0 . 69 𝑓𝑢 
0.20 0 . 0142 Ec 0 . 72 Lw 
0.)0 0 . 0131 Ec 0 . 78 Lw 

The shortening of the outer compressed edge can be calculated 
by integrating the axial deformations along the wall height in the 
discontinuity region (Figure 9b ). The bottom and top compressive 
strains in this region are: 

⎧ 
⎪ 
⎨ 
⎪ ⎩ 
L𝐷 𝜀 . = 2 𝑇 𝑉𝜙𝐰4 𝜙. 𝜙 1 𝒓𝐄 L.𝜀𝒏 = 2 𝑇 𝐰4 𝜙. 𝜙 1 𝒓𝐄 ()) 

where 𝑇 is the axial load resulting from gravity and post-tension, 𝑉𝐰4 is the neutral axis depth, . is the wall thickness and 𝒓𝐄 is the 
concrete elastic modulus. 
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FIGURE 10 Scheme of the FE model of the entire building. 
TABLE 3 Best parameter values resulting from the optimisation 
process (FM and MS models). 

FM model MS model 
Erocking ξ Ls Kspring ξ Ls 

KNX 0.0152 ·Ec 0.2% // 1.%0 ·Kspring 0.5% // 
SEA-& 0.0152 ·Ec 0.5% 12 ϕd 0.&8 ·Kspring 2.0% % ϕd 
BER 0.0152 ·Ec 0.5% 12 ϕd 0.80 ·Kspring 2.0% % ϕd 
Ref. Values 0.01&8 ·Ec 0.5% 12 ϕd 1.&5 ·Kspring 0.5% 12 ϕd 

Assuming a linear strain variation along the height (Figure 9b ), 
the axial shortening at the wall base is: 

𝐾 =
𝐰4 
∫0 L ( 𝑀) S𝑀 =

𝐰4 
∫0 

[ L𝐷 𝜀 . + L.𝜀𝒏 − L𝐷 𝜀 . 𝐰4 𝑀 ] S𝑀 = 𝑇 𝒓𝐄 . 𝑉 + 1 𝑉 (&) 

In the proposed finite element models, this shortening must be 
reproduced by the stiffness of the interface elements. 
An equivalent axial stiffness 𝒌eq is derived by considering an 
effective load footprint at the outermost compressed wall edge. 
The effective area is assumed equal to one-third of the neutral 
axis length, that is, 𝐜 = 1 3 𝑉𝐰4 ., and the corresponding portion of 
the axial load is T = 5 9 𝑇. The equivalent stiffness is therefore: 

𝒌0U = T 𝐾 = T 𝑇 𝒓𝐄 𝜙. 𝜙 𝑉+ 1 𝑉
𝐜= 1 3 𝑉𝜙𝐰4 𝜙. VV V V V V V V V V 3 𝒌0U = 5 3 𝐜𝒓𝐄 𝐰4 𝜙 1 𝑉 + 1 (5) 

By comparison with the classical axial stiffness expression 𝒌 = 𝐜𝒓𝐄 𝐰spring , the equivalent spring length is: 
𝐰𝒊 𝒏 𝒈 𝑳𝒔𝒑 = 3 5 ( 𝑉 + 1 ) 𝐰4 (%) 

This expression provides a mechanically consistent estimate of 𝐰spring , linking the discrete interface representation to the axial 
deformation mechanism at the wall base. 
In the fibre-based formulation, the rocking interface is repre- 
sented by a compressive layer with equivalent elastic modulus 𝒓rocking and thickness 𝒊 = 25mm . By enforcing equivalence 
between the analytical shortening and the deformation of the 
interface layer, the following relationship is obtained: 

𝑇 𝒓𝐄 . 𝑉 + 1 𝑉 = 5 3 𝑇 𝑉𝐰4 . 𝒊 𝒓𝒈 𝜀 𝐄 𝒌𝑳𝒔𝒑 3 𝒓W 𝜀 𝐄 𝒌𝑳𝒔𝒑 = 5 3 1 𝑉 + 1 𝒊 𝜙 𝒓𝐄 𝐰4 (() 
Table 2 summarises the corresponding values of 𝒓𝒈 𝜀 𝐄 𝒌𝑳𝒔𝒑 and 𝐰𝒊 𝒏 𝒈 𝑳𝒔𝒑 for different neutral axis ratios 𝑉. 
Based on design assumptions and available experimental evi- 
dence [ )2 ], a representative value of 𝑉 5 0 . 15 is adopted, yielding 
Lspring ≈ 0.%9 Lw and Erocking ≈ 0.01&8 Ec . 
Although simplified, this representation provides a mechanically 
consistent representation of the axial deformation associated 
with rocking and supports the definition of equivalent interface 
parameters. Further details are reported in the Appendix. 
5 Finite Element Modelling: System Level 
To validate the analytical formulations underlying the selection 
of the rocking-related parameters, namely 𝐰spring , 𝒓rocking and 𝐰𝒊 , 
a comprehensive global analysis of the reference building was 
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FIGURE 11 Time history results (FM) for Knoxville, Seattle-& and Berkeley-DBE in terms of base moment–base rotation (left side) and base shear–
base rotation (right side). 
Note : In grey line the experimental test and in black line the numerical results. 
performed. Building on the single-wall analyses presented in the 
previous section, the modelling framework was extended to the 
system level, where interactions among walls, floor diaphragms, 
and columns influence the global response. Accordingly, this 
section presents the finite element models for the complete three- 
storey precast test structure, directly incorporating the calibrated 
wall formulations. A constrained least-squares optimisation pro- 
cedure is then applied to refine the governing parameters at 
the system level and improve the simulation of the building’s 
nonlinear dynamic response. 

The finite element modelling strategies previously described for 
the walls were directly applied to the modelling of the entire 
structure (Figure 10 ). Additional details on the finite element 
implementation are provided in the Supplementary Material , 
while geometric and mechanical properties were taken from 
Schoettler et al. [ 11 ]. In the global model, the columns were 
represented by elastic beam elements in their actual positions. 
The bending capacity of the column–foundation connections was 
modelled using zero-length elements with nonlinear moment–
rotation hysteresis [ 11 ]. Each floor diaphragm was modelled as 

Earthquake Engineering & Structural Dynamics, 202% 9 of 18
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FIGURE 12 Time history graphs (MS model) for Knoxville, Seattle-& and Berkeley-DBE in terms of base moment–base rotation (left side) and base 
shear–base rotation (right side). 
Note : In grey line the experimental test and in black line the numerical results. 
a beam-like element, and all structural elements included shear 
deformations (Timoshenko formulation). Rigid links ensured 
compatibility between columns and floor nodes, and floor 
masses were lumped at diaphragm and column nodes. The wall- 
diaphragm connections are slotted along the vertical direction 
[ 11, )2 ], meaning that only horizontal forces can be transmit- 
ted. Accordingly, vertical and in-plane rotational releases were 
introduced in the FE model at these connections. 

As the present study focuses on the accurate modelling of 
rocking walls, the floor diaphragms were represented as elastic 
elements with reduced in-plane stiffness, without explicitly 
modelling the connections between adjacent floor units. This 
simplified approach reproduces the experimental response while 
limiting modelling complexity. The stiffness reduction adopted 
for each floor diaphragm was calibrated following Schoettler 
[ 5) ]. Calibration was performed through dynamic analyses of 

10 of 18 Earthquake Engineering & Structural Dynamics, 202%

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.70173 by A

ndrea B
elleri - U

niversita D
i B

ergam
o , W

iley O
nline Library on [01/04/2026]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



TABLE 4 Best parameter values resulting from the optimisation process (RS model). 
R1 

(mrad) M1 
(kNm) R2 

(mrad) M2 
(kNm) KR,0 

(kNm/mrad) KR,f 
(kNm/mrad) 

Ref. Values—rocking 
wall (KNX) 0.15& %10 20 1900 )9%1 %5 
Ref. Values—hybrid wall 
(SEA-&, BER) 0.%20 950 )5 2000 15)2 )1 
KNX &.85 ·R1 0.%5 ·M1 R& &.00 ·M& 5)1 )(& 
SEA-& 1.)0 ·R1 0.50 ·M1 R& 2.50 ·M& 589 1)2 
BER 1.50 ·R1 0.%) ·M1 R& 1.)0 ·M& %&& 59 

Note: KR,0 is the initial rotational stiffness; KR,f is the tangent rotational stiffness during rocking. 
the complete structural model by comparing relative floor–w all 
accelerations in the frequency domain. Good agreement between 
numerical and experimental results was achieved, confirming 
the adequacy of the adopted modelling strategy. Detailed Fourier 
spectra and calibrated stiffness values are provided in the 
Supplementary Material . 
5.1 Numerical Optimisation 
An optimisation procedure was implemented to calibrate the 
numerical models and ensure that their simulated response 
consistently reproduces the experimentally observed behaviour. 
Given the number of parameters governing the nonlinear 
dynamic response and their interaction effects, a global opti- 
misation framework was adopted. This allows simultaneous 
variation of key parameters, avoiding record-specific overfit- 
ting and providing physically meaningful parameter sets across 
different seismic inputs. Accordingly, a constrained nonlinear 
least-squares optimisation problem was formulated and solved 
using the built-in lsqnonlin function in MATLAB [ 5& ]: 

[ X, 𝜀 𝐷 Y ] = 1 𝒊U 𝒔 𝜀𝒔 1𝑳 𝒔 ( Z [ 𝒔 ,X0 , 1𝐷 ,[𝐷 , 𝜀𝒏.𝑳𝜀𝒔 𝒊 ) (8) 
In the above expression, x0 is the starting value of the considered 
parameters, lb and ub are the lower and upper bounds on the 
parameters, respectively, fun is the objective function that should 
be minimised based on the results of the finite element numerical 
model, x is the final value obtained from the optimisation process 
and obj is the corresponding value of the objective function. 
The objective function was defined based on the maximum 
displacement at the top of the wall Dtop and of the maximum base 
shear Vbase . To avoid spurious effects associated with gap closure, 
base shear was evaluated considering the open-gap configuration 
[ )2 ]. The value of the objective function results from the sum of 
the residuals with respect to Dtop and Vbase from the experimental 
test (‘Test’) and the numerical model (‘FE’). 

Z[𝒔 = ||||max (|||\.𝜀𝒏 |||)]0 𝒊 . −max (|||\.𝜀𝒏 |||)T𝒓 ||||max (|||\.𝜀𝒏 |||)]0 𝒊 . 
+

|||max ( |^𝐷 𝑏 𝒊 0 |) ]0 𝒊 . −max (||^𝐷 𝑏 𝒊0 ||)T𝒓 |||max (||^𝐷 𝑏 𝒊0 ||)]0 𝒊 . (9) 

A multistart approach was adopted to improve convergence 
towards the global minimum. In the FM model, the optimisation 
variables were Erocking , the damping ratio ( ξ) and the strain 
penetration length ( Ls ), while for the MS model the parameters 
were the axial stiffness of the translational springs at the base 
( Kspring = Ec A / Lwall ), Ls and ξ. 
Table ) presents the optimal parameter values obtained for the 
FM and MS models. For the FM model, the optimisation yields 
consistent values across all ground motions, closely matching the 
analytical estimates ( 𝐰𝒊 = 12 _ and 𝒓rocking 5 0 . 015𝒓𝐄 ). Additional 
analyses performed using both analytical and optimised param- 
eters show negligible discrepancies (within &%), confirming 
the validity of the proposed formulation. For the MS model, 
the analytical estimate corresponds to about 1.&5 `spring (i.e., 𝐰spring 5 0 . 69 𝐰4 ). While good agreement is obtained for the 
KNX record, lower stiffness values are identified for SEA-& and 
BER. This is compensated by increased damping and reduced 𝐰𝒊 , indicating interaction among parameters in reproducing the 
global response. It is important to note that the optimised 
value 𝐰𝒊 = 6 _ should be interpreted as an equivalent modelling 
parameter, rather than as a direct physical estimate of the actual 
strain penetration length. Additional analyses using analytically 
derived parameters show discrepancies below %%, indicating that 
the analytical formulation provides a mechanically consistent 
approximation of the interface behaviour. 
The optimised parameters were adopted for subsequent analy- 
ses, showing generally good agreement with the experimental 
response (Figure 11 , Figure 12 ). 
The rotational spring (RS) formulation was also examined. 
In this approach, the rocking behaviour is represented by a 
bilinear moment–rotation relationship at the wall base [ (, )2 ]. 
The key parameters defining this relationship are the bending 
moments a𝑳 and corresponding rotations W𝑳 associated with 
the characteristic points of the bilinear curve. For the hybrid 
wall configuration, an additional rotational component accounts 
for energy dissipation. In this case, the parameters a𝑳 and W𝑳 
reported in Table & refer exclusively to the rocking component, 
while the contribution of the dissipative bars was introduced 
through a fixed additional moment capacity 𝐾a = 526 kNm. The 
optimisation procedure was performed considering a1 , W1 and a2 as free parameters, while the remaining parameters were kept 
constant. 
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FIGURE 13 Time history graphs (RS model) for Knoxville, Seattle-& and Berkeley-DBE in terms of base moment–base rotation (left side) and base 
shear–base rotation (right side). 
Note : In grey line the experimental test and in black line the numerical results. 
Table & shows a consistent trend in the optimised parameters 
across all seismic inputs: the initial rotational stiffness is substan- 
tially reduced compared to the reference values, while the tangent 
stiffness during rocking increases. This redistribution indicates 
that the original bilinear formulation overestimates initial stiff- 
ness and underestimates stiffness at larger rotations. Notably, 

the resulting initial stiffness is similar under all conditions, both 
rocking and hybrid, and across all intensities. This finding aligns 
with the analytical results presented in the previous section. From 
the analytical formulation presented in Section &, it is possible to 
estimate the initial rotational stiffness KR,0 by directly multiplying 
the axial stiffness in Equation % by the square of the neutral axis 
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FIGURE 14 Time history graphs for Berkeley-DBE in terms of wall base moment and base shear. 
Note : In the grey line the experimental results, in the red line the numerical results with the parameters from the literature and in the black line the numerical 
results after the optimisation process. 
depth: `W, 0 = 𝒌0U 𝜙 ( 𝑉 𝜙 𝐰4 ) 2 = 5 9 𝒓𝐄 . 𝑉3 𝑉 + 1 𝐰4 2 (10) 
Assuming a neutral axis depth at incipient rocking equal to )0% 
of the wall depth ( 𝑉 = 0.)0), KR,0 is 500 kNm/mrad, consistent 
with the optimisation results. Despite this agreement, the RS 

model achieves accuracy through redistribution among a limited 
number of lumped parameters, indicating reduced parameter 
transferability. While computationally efficient, this suggests 
that the RS formulation is more suitable for preliminary analyses 
than for detailed calibration. The optimised parameters were 
subsequently used in the nonlinear dynamic analyses presented 
in Figure 1) . 
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FIGURE 15 Time history graphs in terms of wall horizontal (top row) and vertical (bottom row) accelerations at the third level for the FM, MS 
and RS models for Berkeley-DBE. 
Note : In the grey line the experimental results, in the red line the numerical results with the parameters from the literature and in the black line the numerical 
results after the optimisation process. 
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FIGURE 16 Comparison of local responses: (a) average post-tensioning force in the steel tendons; (b) neutral axis depth at the wall base; (c) 
average concrete compressive strain at the east and west wall toes. Numerical results are normalised with respect to the corresponding experimental 
measurements. Results obtained using the fibre-based (FM) and multi-spring (MS) formulations are reported. 
5.2 Discussion and Comparison of the Results 
Before and After Optimisation 
Figure 1& compares the numerical responses obtained using 
reference parameter values from the literature and the optimised 
parameter sets with the experimental measurements. A signif- 
icant improvement in the simulation of the global response is 
observed after optimisation, particularly for the FM and MS 
models. For the BER ground motion, which represents the most 
demanding case, the relative error in peak base rotation is reduced 
from &.1% to 0.&% for the FM model, from )0.5% to 0.)% for the 
MS model, and from 22.5% to (.9% for the RS model. Similar 
reductions are observed for peak base shear and base moment for 
the KNX and SEA-& ground motions. 
Figure 15 shows the horizontal and vertical accelerations at the 
third floor for the BER ground motion. The MS model exhibits 
the greatest improvement in reproducing acceleration peaks 
associated with gap closure. Although optimisation improves the 
overall response, some discrepancies remain, particularly in the 

later stages of the records, likely due to higher-mode effects not 
fully captured by the simplified models. 
Local response quantities are compared in Figure 1% , includ- 
ing post-tensioning forces, neutral axis depth and concrete 
compressive strain. Numerical results are normalised with 
respect to the corresponding experimental measurements. Both 
FM and MS models show good agreement with experimen- 
tal results for post-tensioning forces and neutral axis depth, 
with slightly larger discrepancies observed for local strain 
measures. Concrete strain is reliably captured only by the 
FM model, which reproduces overall trends despite some 
under- and over-estimation depending on the ground motion 
intensity. 
The optimisation results provide further insight into the 
behaviour of the different modelling approaches. The FM model 
yields consistent parameter values across all ground motions, 
confirming the validity of the analytical formulation. The MS 
model identifies parameter combinations that compensate for 
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each other, allowing accurate reproduction of the global response 
despite variability in individual parameters. 
The RS formulation offers computational simplicity but shows 
higher sensitivity to the selected ground motion, resulting in 
reduced robustness compared to the FM and MS models. 
Overall, all modelling approaches benefit from optimisation, 
but clear differences emerge in robustness and transferability. 
The FM model provides the most consistent performance across 
different conditions, accurately reproducing both global and 
local responses. The MS model offers a physically meaningful 
representation of distributed contact behaviour and improves the 
simulation of acceleration peaks. The RS model, while efficient, 
is more suitable for preliminary analyses due to its sensitivity to 
calibration. 
6 Conclusions 
This paper examined the finite element modelling of rocking and 
hybrid precast concrete walls through a systematic comparison of 
three alternative modelling strategies: a fibre-based formulation, 
a distributed compression-only translational spring model and 
a lumped rotational spring model. The approaches were inves- 
tigated at both the component and system levels and validated 
against shake-table tests conducted on a three-storey, half-scale 
precast concrete building representative of a parking structure, 
tested at the University of California, San Diego. Based on the 
results of this study, the following conclusions can be drawn: 
i. The response of rocking and hybrid walls is governed by 
a limited number of parameters, primarily related to wall–
foundation interface deformability, strain penetration of the 
dissipative bars and damping representation 

ii. An analytical formulation was developed to obtain mechan- 
ically consistent estimates of the interface-related parame- 
ters, and its outputs were validated through global optimi- 
sation against experimental results. 

iii. A small mass-proportional viscous damping ratio was intro- 
duced to account for energy dissipation mechanisms not 
explicitly captured by the models, including gap closure, 
interface friction and impact-related losses. 

iv. The fibre-based model demonstrated the most robust perfor- 
mance, reproducing both global and local response quanti- 
ties, including post-tensioning forces, neutral axis depth and 
concrete compressive strains, with optimised parameters 
that remained largely transferable across different ground 
motions. 

v. The distributed spring model improved the simulation of 
acceleration peaks associated with gap closure but showed 
greater parameter sensitivity to seismic input, limiting 
transferability. 

vi. The rotational spring model was the most computationally 
efficient (approximately one-third the cost of the other 
approaches) but is better suited to preliminary analyses or 
parametric screening than simulating detailed responses. 
From a computational standpoint, the fibre model offers 

the best accuracy-to-computation-time ratio, particularly 
for high-intensity events, where it also outperforms the MS 
model in efficiency. 

vii. The three modelling strategies represent a practical spec- 
trum of options, and the results provide quantitative guid- 
ance for selecting and calibrating finite element models for 
rocking and hybrid precast walls. 
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Appendix 
This appendix provides additional support to the analytical formulation 
presented in Section &. An elastic two-dimensional model of the wall 
was developed using quadrilateral finite elements in MidasGEN [ 55 ]. The 
wall was subjected to a triangular lateral load combined with axial post- 
tensioning and compression-only boundary conditions at the base, to 
reproduce the rocking mechanism (Figure A1 ). 
The stress distribution was extracted along horizontal sections at different 
elevations, ranging from 0 to 2.8 m at 0.& m intervals. The coordinates of 
the intersections with the zero-stress line, which define the neutral axis 
depth at each elevation, are plotted in Figure A2 as a function of wall 
height and compared with the analytical prediction. A good agreement is 
observed between the numerical results and the simplified formulation. 

FIGURE A1 Considered finite element model used to investigate 
the wall deformations at the base during rocking. The contour lines 
represent the normal stress along the vertical direction. 

FIGURE A2 Neutral axis depth along cutting lines at different 
wall elevations in terms of vertical normal stresses. The corresponding 
idealised linear compressive stress distributions are also shown in red 
dashed lines, with the intersection with the zero-stress line indicating the 
neutral axis depth at each elevation associated with this distribution. 
The corresponding stress profiles are shown in Figure A) , together with 
the idealised linear distributions in the compressed region. 
The coordinates of these intersection points are plotted in Figure A) as 
a function of wall height and compared with the analytical prediction. A 
good agreement is observed between numerical results and the simplified 
formulation. 
These results confirm the validity of the assumed linear variation of 
the compressed zone along the wall height and support the analytical 
expressions adopted in the main text. 

Earthquake Engineering & Structural Dynamics, 202% 1( of 18

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.70173 by A

ndrea B
elleri - U

niversita D
i B

ergam
o , W

iley O
nline Library on [01/04/2026]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



FIGURE A3 Neutral axis depth along the wall height derived from the finite element results compared with the simplified analytical prediction. 
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