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ABSTRACT 
Rocking isolation of structures is evolving as an alternative design concept in earthquake engineering. The present paper 
investigates the seismic response of a typical modern overpass bridge of the Attiki Odos motorway (Athens, Greece), 
employing two different concepts of rocking isolation: (a) rocking of the piers over the foundation; and (b) rocking 
isolation by under-designing the foundation. The examined bridge is an asymmetric 5-span system having a continuous 
deck and founded on surface foundations on a deep clay layer. The seismic response of the two rocking isolated bridges 
are comparatively assessed to the existing bridge, which is conventionally designed according to current seismic codes. 
To that end, rigorous 3D numerical models of the bridge-foundation-abutment-soil system are developed in ABAQUS, 
and both static pushover and nonlinear time history analyses are performed. For the latter, two very strong earthquake 
records that exceed by far the design limits are selected: the Takatori record from the notorious 1995 Kobe earthquake; 
and the Rinaldi record from the 1994 Northridge earthquake. The conventional system collapses in all examined cases, 
while both rocking isolated bridges easily survive, demonstrating the beneficial aspects of such alternative design 
concepts. Nevertheless, in the rocking–piers design alternative high stress concentrations at the rotation pole (pier base) 
are developed, indicating the need for special design. This is not the case for the rocking–footings model, which however 
is subject to residual settlements. Finally, the effect of the presence of abutment stoppers in all aforementioned models is 
examined. It is shown that while the stoppers reduce the deck displacements for both rocking-isolation concepts, they 
are not sufficient to prevent collapse of the conventional system, despite the significant increase of deck distress. 
 
 
 
1 INTRODUCTION 
 
Rocking isolation of structures is not a new concept in 
earthquake engineering. A great amount of research is 
available in the literature regarding the description and 
analysis of the seismic response of bodies / structures 
that exhibit a rocking motion under seismic excitation 
(e.g., Housner 1963, Yim et al. 1980, Makris and 
Vassiliou 2013, Drosos & Anastasopoulos 2014). The 
motivation for such studies is the observation that after 
strong earthquakes, slender, apparently unstable 
structures, such as water-tanks and tombstones, are 
found to survive the seismic shaking, while other “more 
stable” structures, such as buildings and bridges, have 
collapsed. The most spectacular case histories of rocking 
structures that survived multiple earthquake events for 
centuries are the ancient temples in the Mediterranean. 
Inspired by such impressive successes, researchers have 
developed the idea of implementing rocking isolation in 
critical infrastructure. The ability to reuse the latter 
immediately after a seismic event is of great importance. 
Rocking response offers such an advantage, since in 
many cases re-centering of the structure after the 
earthquake is possible. Additionally, implementation of the 
concept may be possible to retrofit existing structures, 
designed according to obsolete seismic codes, which do 
not meet current code provisions, resulting in insufficient 
seismic performance. 

In the field of rocking isolation of bridges, two 
approaches may be found in the literature. The first refers 
to rocking of the piers over the foundation (Fig. 1b), which 
are designed to exhibit a rocking response under seismic 
motion, equivalent to the one of a rigid block rocking on a 

rigid base. Such behavior has been thoroughly examined 
both analytically and numerically, however, employing 
most commonly 2D models. 2D analysis restrains the 
response to an impact-like motion, neglecting the 
phenomenon of wobbling and rolling of the block (i.e., the 
bridge piers), which might occur during biaxial excitations. 
The study of such phenomena is of great importance to 
understand the response of 3D rocking structures (Burger 
et al. 2017). The construction of such structures is related 
to significant design difficulties. For example, the way to 
ensure a pure rocking response, or the way to design the 
piers since classical section analysis is not applicable, are 
some indicative unresolved issues that are still being 
investigated (Mashal & Palermo 2016). 

The second concept refers to the introduction of a 
“safety-valve” under the pier footings by under-designing 
them (Fig. 1c). Thus, the subsoil experiences inelastic 
behavior and the footings are allowed to uplift under 
seismic excitation (e.g., Megros et al. 2005, Gajan et al. 
2008, Anastasopoulos et al. 2010, Gelagoti et al. 2012). 
Despite its proven (analytically and experimentally) 
beneficial seismic performance, such reversal of capacity 
design is still not allowed by current seismic codes, which 
only allow limited uplifting of the foundation, prohibiting full 
mobilization of soil bearing capacity. In this way, the 
beneficial in many cases effect of soil-structure interaction 
is not exploited. It is noted, however, that such beneficial 
performance comes at the cost of increased residual 
settlements, which need to be accounted for in design. 

The scope of the present study is to comparatively 
assess the performance of the two rocking isolation 
concepts for a typical motorway bridge, comparing them 
to each other, but also to a conventionally designed 



 

bridge according to current seismic codes (Fig. 1a). The 
main scope is to identify the pros and cons of each design 
concept (rocking-piers, rocking-footings and conventional 
design). To that end, rigorous 3D numerical models of the 
entire bridge–foundation–abutment–soil system are 
developed in the ABAQUS finite element analysis 
environment, and subjected to static pushover, and 
dynamic (uniaxial and biaxial) nonlinear time history 
analyses. The effect of abutment stoppers on the overall 
response of the 3 design alternatives is also studied. 
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            (b) 

 

     (c) 

Figure 1. Studied Configurations: (a) conventional system; 
(b) rocking–piers; and (c) rocking–footings. 

 
  
2 NUMERICAL ANALYSIS METHODOLOGY 
 
2.1 Case study: A01-TE23 bridge 
 
The A01-TE23 overpass bridge of the Attiki Odos 
motorway (Athens, Greece) is used as case study and 
forms the basis for the developed numerical models. The 
latter are based on the actual system with some 
necessary modifications depending on the concept 
analysed (conventional; rocking-piers; or rocking-footings 
system). The original bridge is an asymmetric 5-span 
system having a total length of 115.6 m (Fig. 2). The 
bridge deck is 10.4 m wide, continuous with a voided 
cross-section, and is constructed with pre-stressed 
reinforced concrete. System asymmetry refers to both the 
span length, which varies from 19 m to 30 m, and the pier 
height, which varies from 9 m to 10 m. Each of the four 
reinforced concrete piers consists of a single, cylindrical 
column with a diameter of 1.8 m. The bridge is designed 
according to the provisions of the Greek Seismic and 
Reinforced Concrete Codes. The moment-curvature 
relationships of the piers have been directly derived from 
section analysis of each pier using the KSC–RC software 
(2013). Their moment capacities are presented in Table 1.  
 
 
Table 1. Moment capacity of piers, directly derived from 
section analysis of each pier. 
 

 MRd (kNm)
 

cult (1/m) 

P1 10737 0.0672 

P2 11134 0.0672 

P3 11318 0.0680 

P4 11560 0.0702 

 
 

In the existing bridge, piers P1 and P2 are connected 
to the deck through one sliding bearing each, allowing 
displacement only in the longitudinal direction. Piers P3 
and P4 are monolithically connected to the deck. All piers 
are founded on square, shallow footings of 7 m (P1 and 
P2) and 8 m (P3 and P4). The deck is sitting on 4 
elastomeric bearings at each abutment arrayed in the 
transverse direction. Each abutment consists of a 
retaining wall (height 8.3 m and thickness 1.8 m), 
connected to two sidewalls (thickness 0.6 m). Their 
foundation is rectangular with dimensions 8.2 m x 10.4 m. 
 
2.2 Developed numerical models 
 
Based on the existing bridge three rigorous 3D FE models 
of the entire bridge–foundation–abutment–soil system are 
developed, which represent the different studied 
configurations of the bridge. For each model, appropriate 
assumptions are adopted, in order to adjust the existing 
structure to the one with rocking components. 
 
2.2.1 Conventional system 
 
Initially, the conventionally designed system is simulated. 
The relevant numerical model is based on the existing 
bridge and forms the basis for comparison with the 
rocking-isolated design alternatives. The dimensions of 
the model are those of the actual bridge, with the 
exception of pier height, which is simplified to 9 m for all 
piers. The deck and the piers are modelled with elastic 
and inelastic beam elements, respectively. Inelastic pier 
response is simulated with a nonlinear model, calibrated 
against the results of RC section analysis. Linear elastic 
springs and dashpots are used to model the bearings. 
The footings and the abutments are modeled with elastic 
brick elements, assuming the properties of RC (E = 30 
GPa). Geometrical nonlinearities (P–δ effects) are also 
taken into account in the analysis. 

A 20 m deep homogeneous clay layer of undrained 
shear strength Su = 150 kPa is considered, also modeled 
with brick elements. Nonlinear soil behavior is modelled 
with a thoroughly validated kinematic hardening model, 
with a Von Mises failure criterion and associated flow rule 
(Anastasopoulos et al. 2011). The evolution law of the 
model consists of a nonlinear kinematic hardening 
component, which describes the translation of the yield 
surface in the stress space, and an isotropic hardening 
component, which defines the size of the yield surface as 
a function of plastic deformation (Gerolymos & Gazetas 
2005). Calibration of model parameters requires 
knowledge of: (a) undrained shear strength Su; (b) the 
small–strain stiffness (expressed through Go or Vs); and 
(c) the stiffness degradation (G–γ and ξ–γ curves). 

Tensionless interfaces with an appropriate friction 
coefficient are introduced between the subsoil and the 
footings to model uplifting and sliding and between the 
retaining wall and the embankment to model possible 
separation of the embankment from the wall. A reinforced 
earth embankment is considered, applying appropriate 
kinematic constraints in the transverse direction. For the 
latter the same clayey material is considered to reduce 
the complexity of the model. Nevertheless, the present 



 

work focuses on the comparison of the response between 
the examined configurations and the material of the 
embankment is not expected to be of great importance. 
Appropriate “free-field” boundaries are used at the lateral 
boundaries of the model, while dashpots are installed at 
its base to simulate the half-space underneath the soil 
that is included in the 3D model. Additionally, the seismic 
excitation is applied at the base of the model. More details 
on the development of the rigorous model can be found in 
Anastasopoulos et al. (2011; 2015b). A longitudinal cross 
section of the model is shown in Fig. 2. 

 
 

 
Figure 2. Rigorous 3D model of the conventional system 
and key attributes. 
 
 
2.2.2 Rocking–piers model  
 
The rocking–piers model is based on the model of the 

conventional system, with the necessary modifications to 
the piers and the pier–deck and abutment–deck 
connections in order to ensure purely rocking motion of 
the piers on top of the corresponding footings. No sliding 
is allowed for this purpose.  

More specifically, the piers are simulated with solid 
elements (instead of beam elements), in order to better 
simulate the rocking interface, where plane sections are 
not expected to remain plane. A diameter of 2 m is 
assumed, which corresponds to a rocking cylinder of 8.3 
m height (Fig. 3). In terms of rocking behavior, the size 
parameter of the block (i.e. its semi-diagonal) is R = 4.27 
m and its slenderness (i.e. width to height ratio) α = 0.24 

rad (Makris & Vassiliou 2013, Vassiliou et al. 2016). 
 
  

 
Figure 3. Schematic illustration of the rocking block 
concept: Geometric characteristics and rocking behavior 
parameters (Makris & Vassiliou 2013). 
 
 

Additionally, the bearings at the piers and the 
abutments are simulated with gap elements, which allow 
uplift of the deck and relative pier-deck rotation. Thus, the 
piers exhibit a purely rocking behavior with the weight of 
the deck and the pier being the only restoring force. Four 
bearings at the location of each pier are considered, 

placed in a square formation. A large friction coefficient is 
assumed for the pier-deck interface, to prohibit sliding of 
the bearings, allowing only opening or closure of the joint. 

Moreover, special contact elements are introduced 
between the piers and the footings, which allow uplifting 
but prohibit sliding at the level of the footings, assuming a 
large friction coefficient (to ensure purely rocking 
response of the piers). Finally, the interface properties 
between the footing and the subsoil correspond to an 
embedded foundation. A longitudinal cross section of the 
model is shown in Fig. 4. 
 
 

 
Figure 4. Rigorous 3D model of the rocking–piers system 
and key attributes. 
 
 
2.2.3 Rocking-footings model 
 
The rocking–footings model is based on the rocking–piers 
model with appropriate modifications. First of all, the piers 
are assumed monolithically connected to the footings. 
Moreover, in order to introduce rocking isolation of the 
bridge by foundation rocking, the dimensions of the 
footings are determined so that their moment capacity is 
smaller than that of the corresponding piers. Thus, full 
mobilization of soil bearing capacity and uplifting of the 
footings will occur before failure of the piers. In the 
calculation of the moment capacity of a footing against 
seismic loading most commonly only the horizontal 
components of the earthquake record are considered. It 
has been shown that the vertical component has much 
higher frequency content than the horizontal, and 
because the two components are asynchronous its effect 
on the moment capacity is minimal (Anastasopoulos et al. 
2010). To that end, an “understrength” is applied to the 
footings and their moment capacity is reduced to 1/γRd = 
1/1.4 ≈ 0.7 (FSE) of the moment capacity of the relevant 
piers. Thus, the apparent safety factor against seismic 
loading (FSE) is lower than 1. Nevertheless, the safety 
factor against vertical loads (FSV) remains within the 
range 2.5 – 3.0 (Table 2). More details on rocking-
isolation of foundations can be found in Anastasopoulos 
et al. (2010). A longitudinal cross section of the model is 
shown in Fig. 5. 
 
 
Table 2. Dimensions of “under-designed” footings, along 
with the corresponding safety factor against vertical loads. 
 

Footing B FSv 

P1 4 m 3.2 

P2 4 m 2.8 

P3 4 m 2.9 

P4 4.5 m 2.8 



 

 
Figure 5. Rigorous 3D model of the rocking–footings 
system and key attributes. 
 
 
2.2.4 Models with stoppers 
 
The presence of abutment stoppers was initially neglected 
to allow the deck to follow the rocking response of the 
piers. The effect of abutment stoppers is examined herein 
by extending the previous models to account for their 
contribution. To that end, gap elements are introduced 
between the deck and the abutment wall, in both 
directions, having an initial clearance of 0.25 m. When the 
clearance is consumed, the gap element closes, thus 
simulating the collision of the deck to the abutment wall.  
 
2.3 Performed analyses 
 
2.3.1 Static pushover analysis 
 
The extended models were initially subjected to static 
displacement–controlled pushover loading at the deck 
level to examine their monotonic behaviour separately for 
each direction. Thus, it is possible to capture the evolution 
of the rocking response of the structure and understand 
the interaction between the various components. 
  
2.3.2 Nonlinear time history analysis 
 
Subsequently, nonlinear time history analysis is 
performed, with the seismic excitation at their base. Two 
strong motion records (Fig. 6) that exceed by far the 
design limits are used for the analyses: (a) the 
Rinaldi_228 record from the 1994 Northridge earthquake; 
and (b) the Takatori_000 record from the notorious 1995 
Kobe earthquake. The first contains very strong forward 
rupture directivity pulses. The duration of the main pulse 
is 0.8 s and the peak ground acceleration is 0.84g. The 
second contains multiple very strong motion cycles and is 
representative of very strong seismic shaking. The pulse 
duration is roughly 0.7s and the peak ground acceleration 
0.6g. Table 3 summarizes the conducted analyses. 
 
 
Table 3. Developed models and conducted analyses: x - 
longitudinal axis; y - transverse axis. 
 

Model 

Analysis 

Pushover Rinaldi Takatori 

x y x y x+y x y x+y 

Conv. System         

R-Piers         

R-Footings         

Stoppers         
 

     (a)          (b) 

Figure 6. Strong motion records: (a) the Rinaldi record 

from the 1994 Northridge earthquake and (b) the Takatori 

record from the 1995 Kobe earthquake. 

 
 

Three different scenarios are analysed: (a) excitation 
in the longitudinal direction only; (b) excitation in the 
transverse direction only; and (c) biaxial excitation 
employing two orthogonal records: the Rinaldi_318 record 
and the Takatori_090 record (Fig. 6).  
 
 
3 KEY RESULTS – CONVENTIONAL SYSTEM 
 
The static pushover analysis gives important insights on 
the monotonic behaviour of the bridge. As shown in Fig. 7 
for both the longitudinal and the transverse direction, 
initially the piers behave elastically and the total stiffness 
of the system is due to their elastic stiffness along with the 
shear stiffness of the bearings. Subsequently, the piers 
start yielding at an applied displacement of about 5 cm 
(for both directions), leading to nonlinear behaviour of the 
system. For increasing applied displacement, the capacity 
of the system continues to increase until reaching a 
maximum, at about 30 cm of displacement (for both 
directions). At that point, plastic hinges develop at the 
monolithically connected piers and their strength reaches 
its residual value. One can also observe that the 
resistance of the system in the transverse direction is 
higher than in the longitudinal. This can be explained by 
the fact that the bearings of P1 and P2 are allowed to 
slide only in the longitudinal direction, while they are fixed 
in the transverse. Therefore, in the transverse direction 
the system actually consists of four monolithically 
connected piers, which offer higher resistance. 
 
 

 
Figure 7. Monotonic behaviour of the conventional system 
in terms of force–displacement response in both 
directions. 



 

Subsequently, nonlinear time history analysis is 
performed and the conventional system is subjected to 
biaxial seismic excitation using the Rinaldi and Takatori 
records. The bridge response is strongly inelastic and 
collapse is inevitable. For the evaluation of pier 
performance, two very commonly used damage indices 
(DIs) are employed: (a) the drift ratio (δr), which is the 
displacement at the top of the pier relative to its height; 
and (b) the ratio of the ductility demand over the ductility 
capacity in terms of curvature (μd/μc). For the Takatori 
biaxial excitation, μd/μc reaches 2.7 for pier P3 
corresponding to certain collapse. Figure 8 depicts also 
the hysteretic loops of pier P3 in terms of bending 
moment–drift ratio response. It can be clearly observed 
that pier collapses, since the maximum drift ratio exceeds 
6% and the moments are reduced to their residual values.  

 
 

 

Figure 8. Bending moment – drift ratio response of pier 

P3 in (a) the longitudinal; and (b) the transverse direction. 

 
 
4 KEY RESULTS – ROCKING PIERS MODEL 
 
4.1 Static pushover response 
 
Displacement-controlled static pushover analyses are 
performed in both directions. The displacement is applied 
at the deck level. As depicted in Fig. 9, the model 
manages to capture nicely a pure rocking response of the 
piers (with sliding being prevented). The force–
displacement response of the system for both directions is 
presented in Fig. 9. Initially, the total stiffness of the 
system is offered by the elastic piers and the bearings at 
the abutments. With increasing applied displacement, the 
resistance reaches its maximum value at about 10 cm, 
when uplifting of the piers initiates. Subsequently, the 
resisting force starts to decrease (due to second order 
effects) and the stiffness of the system becomes negative. 
Finally, for very large applied displacement of about 2 m, 
toppling occurs (no more resistance can be offered). 
 
 

 
Figure 9. Monotonic force–displacement response of the 
rocking–piers model in both directions. 

An interesting observation is that the piers experience 
displacement also in the perpendicular direction to the 
one of the applied displacement. More specifically, when 
the applied displacement in the longitudinal direction 
exceeds 1.5 m, all piers exhibit lateral displacement as 
well. The latter proportionally increases (after the first 1.5 
m) until it reaches a maximum value of about 4 cm, which 
corresponds to about 2% of the applied displacement. 
When displacement is applied in the transverse direction 
only pier P1 exhibits rotation around its vertical axis. The 
aforementioned observation is attributed to the 3D nature 
of the rocking problem and the phenomenon of wobbling 
and rolling of the piers (blocks), which might occur during 
biaxial excitation: small model asymmetries are enough to 
cause deformation outside the plane in which 
displacements are applied. 
 
4.2 Seismic response 
 
Nonlinear time history analysis is subsequently 
performed, and the rocking–piers model is subjected to 
very strong seismic excitation using the previously 
mentioned records, both uniaxially and biaxially. A key 
observation is that for the specific seismic shaking, which 
is well above the design limits, the rocking isolated 
system withstands easily all events and failure is avoided 
in all cases. The maximum rotation of the piers reaches 
0.08 rad for the worst case scenario of the biaxial Takatori 
excitation, which is much lower than the toppling limit of    
α = 0.24 rad. Additionally, it may be observed that the 

uniaxial excitation of the system forces the piers to exhibit 
an impact-like motion, and a pure rocking response is 
attained. On the contrary, in the case of the biaxial 
excitation, wobbling and rolling of the piers is also 
observed (Burger et al. 2017), which is more pronounced 
in the case of the Rinaldi records. Figure 10 illustrates the 
overturning moment acting on pier P4 (Mx), normalized to 
the corresponding moment capacity of the column (MRd) 

for a uniaxial Takatori analysis. Interestingly, each time 
the pier passes by its initial vertical position and regains 
full contact (θ = 0), the acting moment is maximized and 
spikes appear in the graph. The oscillations after the 
spike are attributed to the oscillation of the pier itself due 
to the impact. It should be noted, that the overturning 
moment should not be confused with the bending moment 
of the pier, for which the pier cross-section is designed. 
 
 

 
Figure 10. Rocking–piers model subjected to uniaxial 
seismic excitation in the transverse direction using the 
Takatori_000 record: time history of normalized 
overturning moment of pier P4. 

(a) (b)



 

Regarding deck response, it is observed that the deck 
exhibits uniform displacement in the longitudinal direction, 
when subjected to uniaxial longitudinal seismic excitation. 
On the contrary, when excited in the transverse direction, 
it does not deform uniformly, as the piers do not rock in 
phase during the analysis. Thus, the out-of-plane bending 
of the deck increases significantly. 
 
4.3 Design considerations 
 
In view of the assumptions of the rocking–piers model and 
the results of the analyses, there are some design issues 
that need to be considered. More specifically, the 
assumption that sliding of the piers on top of the footings 
and the bottom of the deck is not allowed indicates the 
need for an appropriate detailing of the contact surfaces 
to ensure the above. Additionally, the pier-deck joint and 
the bearings require special design, to enable pure 
rocking response of the piers and activation of the 
bearings only under compression. Finally, according to 
the results of the analyses, very high stress 
concentrations are observed at the pivot point of the piers, 
reaching values of up to 175 MPa. Possible solutions to 
these issues have recently been implemented in New 
Zealand, under the Accelerated Bridge Construction 
concept (Mashal & Palermo 2016). 
 
 
5 KEY RESULTS – ROCKING FOOTINGS MODEL 
 
5.1 Static pushover response 
 
Displacement-controlled static pushover analysis is 
performed and the rocking–footings model is subjected to 
applied displacement at the deck level. The monotonic 
response of the system with rocking isolation at the 
foundation level both in the longitudinal and transverse 
direction is depicted in Fig. 11. It is observed that the 
response is similar to the rocking–piers system. Initially, a 
maximum resisting force is reached at a relatively small 
value of applied displacement (about 10 cm). At that 
point, the footings begin to uplift and rocking dominates 
the response. The stiffness of the system becomes 
negative and the resisting force decreases almost linearly 
until the system topples. The toppling displacement is 
about 3.3 m in both directions. Compared to the rocking–
piers model, both the maximum resisting force and the 
toppling displacement are higher, which constitutes an 
advantage of the rocking–footings configuration. 
 
 

 
Figure 11. Monotonic force–displacement response of the 
rocking–footings model in both directions. 

Regarding the rocking mechanism, as the applied 
displacement increases, the footings start uplifting and 
rotating. With increasing rotation, the foundation bearing 
capacity is fully mobilized, and the soil behaves 
inelastically due to the developing stress concentration. 
The latter unavoidably leads to increased residual 
deformation and settlement of the footings. On the other 
hand, the piers are effectively protected, with their 
maximum bending moment not exceeding 85% of their 
moment capacity. 
 
5.2 Seismic response 
 
Subsequently, nonlinear dynamic time history analysis is 
performed, and the rocking–footings model is subjected to 
very strong seismic excitation using the same two 
records. As for the rocking–piers model, despite the fact 
that the applied seismic excitations are well above the 
design limits, the collapse of the bridge is easily avoided 
with the maximum rotation being almost 5 times smaller 
than the toppling limit. Additionally, the piers do not reach 
their moment capacity. As shown in Fig. 12, indicatively 
for biaxial seismic excitation using the Takatori record, the 
bending moments at the base of all piers (Mx) reach up to 
85% of their corresponding moment capacity (MRd). 

Regarding foundation performance, it is observed that 
during the first strong motion cycles of the excitation, the 
footings are subjected to significant rotations, which are 
subsequently reduced, while the settlement increases. An 
example of such behavior is demonstrated in Fig. 13, in 
terms of settlement–rotation (s–θy) response of the footing 
of pier P4 for uniaxial seismic excitation in the longitudinal 
direction using the Takatori_000 record. For the same 
analysis, Fig. 14 shows the contours of plastic soil 
deformation at the end of the seismic excitation. Overall, 
the maximum observed residual deformation is 14 cm for 
the case of the biaxial Takatori excitation, while the 
residual rotation is negligible in all cases. 
 
 

 
Figure 12. Rocking–footings model subjected to biaxial 
excitation using the Takatori record: time history of 
normalized bending moment at the base of all piers. 
 
 

Finally, regarding deck response, the non-negligible 
settlements of the footings, combined with the much 
smaller settlements of the abutments lead to increased in-
plane bending moments of the continuous deck, as the 
latter deforms differently in the vertical direction along its 
length. The increased distress of the deck needs to be 
considered in the design of such systems. 



 

 
Figure 13. Rocking–footings model subjected to uniaxial 
excitation using the Takatori_000 record: settlement–
rotation response of the footing of pier P4.  
 
 

 
Figure 14. Rocking–footings model subjected to uniaxial 
excitation in the longitudinal direction using the 
Takatori_000 record: contours of plastic soil deformation 
soil at the end of the analysis (scaling factor = 5). 
 
 
6 MODELS WITH STOPPERS & COMPARISON 
 
In the previous analyses, the presence of abutment 
stoppers was neglected to let the deck move freely 
following the rocking response of the piers. The effect of 
abutment stoppers on both the monotonic and seismic 
response of the previously studied systems is examined 
herein. The previously developed models are extended by 
introducing gap elements between the deck and the 
abutment wall, both in the longitudinal and the transverse 
direction, having an initial clearance of 0.25 m. When the 
clearance is consumed, the gap element closes, thus 
simulating the collision of the deck to the abutment wall.  

Regarding the static pushover analysis results, the 
abutments and the corresponding backfill are activated 
when the clearance is consumed. Therefore, up to an 
imposed displacement of 0.25 m the response of the 
examined systems is not affected by the presence of the 
stoppers (the response is practically identical). For larger 
imposed displacement, the resistance of the system 
increases significantly due to the mobilization of the 
abutments. Figure 15 illustrates this behavior, comparing 
the response of the rocking–footings model, with and 
without abutment stoppers for both directions. 
 
 

 
Figure 15. Monotonic force–displacement response of the 
rocking–footings model, with and without abutment 
stoppers, in both directions. 

With respect to the results of the nonlinear time history 
analyses, an interesting observation is that when the 
bridge deck collides on the abutment wall, the latter 
begins to uplift and rotate, resulting to passive type failure 
of the embankment. As far as deck response is 
concerned, the lateral deformation of the deck in the 
transverse direction significantly increases due to the 
presence of stoppers, which leads to increased out-of-
plane bending of the deck. In the analysis of the 
conventional system, the implementation of stoppers does 
not protect the system from collapsing. In the rocking–
piers model, the behavior of the piers becomes much 
more irregular, with rolling dominating their response. 
Finally, in the rocking–footings model, the plastification of 
the soil becomes more intense when the stoppers are 
engaged, leading to larger residual settlements. 
 
 
7 CONCLUSIONS 
 
The present study focuses on the implementation of two 
different rocking isolation concepts on a typical overpass 
motorway bridge. The main scope is to identify the pros 
and cons of each concept, compared to a conventionally 
designed system according to current seismic codes. To 
that end, 3D numerical models of the entire bridge–
foundation–abutment–soil system are developed, and 
both static pushover and uniaxial and biaxial nonlinear 
time history analyses are performed. For the latter, two 
very strong earthquake records are used to examine the 
performance of the three systems subjected to excitations 
that exceed by far the design limits. Finally, the presence 
of stoppers at the abutments is considered and its effect 
on the overall response of the systems is examined. 

According to the analyses, the collapse of the 
conventional system is unavoidable for such severe 
seismic excitations. On the contrary, both rocking isolated 
systems easily withstand the selected – extremely severe 
– excitations, with rotations of the rocking bodies much 
smaller than the ultimate limits for toppling collapse. At 
the same time the bending moments of all piers don’t 
exceed their capacity at the rocking–footings model. 

After examining the results of the analyses, special 
requirements regarding the design of such structures 
arise. First, a special design of the bearings at the pier-
deck connection is necessary, so that the rotation of the 
piers is not constrained. Additionally, in the rocking–piers 

design alternative, special attention is required for the 
design of the pier base, due to the observed very large 
stress concentrations at the pivot points. In some of the 
analyses, wobbling of the piers was observed in the case 
of the rocking–piers model. This observation, combined 
with the assumption that sliding of the piers on top of the 
footings is prevented, depicts the need of implementation 
of a recess or an equivalent mechanism to force the piers 
to rock, either in an impact-like motion or in a rolling 
motion along the perimeter of their initial position. 

In the case of rocking isolation at the foundation level, 
the efficiency of the isolation comes at the cost of 
increased footing deformations, which need to be 
accounted for in design. The latter are in the form of 
settlement or residual tilting of the structure. According to 



 

the conducted analyses, the residual settlements may 
indeed be large, reaching in some case up to 15 cm. In 
stark contrast, the residual rotations are practically equal 
to zero and no residual tilting of the structure is observed. 

Finally, the implementation of stoppers in all examined 
models is shown to affect significantly the response of the 
system. The collapse of the conventional system cannot 
be avoided, even considering the presence of stoppers (at 
least for the considered clearance of 25 cm). As it should 
be expected, the stoppers lead to significant increase to 
the deck distress. 

To summarize, the comparative assessment of the 
three design alternatives has revealed their advantages 
and disadvantages. The main advantage of the 
conventional system is its standardized design according 
to current seismic codes. However, it is shown that 
structural integrity is not guaranteed for seismic motions 
exceeding the design limits, as the conventionally-
designed system is prone to collapse. On the contrary, 
both rocking isolated systems are resilient, offering the 
ability of reusing them after such severe events. In the 
case of rocking isolation at the foundation level, the bridge 
piers may still be designed according to existing codes. 
Thus, the drawback of the special design requirements of 
the rocking–piers configuration is avoided. Nevertheless, 
the drawback of increased residual settlements remains 
unresolved. 

Going forward, a probabilistic seismic risk analysis is 
needed to compare the total probabilities of failure of 
three bridge design alternatives in the same seismic 
hazard environment and determine which one offers the 
best seismic risk protection and best post-earthquake 
resilience. 
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