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ABSTRACT 
Experimental efforts over the last decade have shown that rocking foundations have beneficial seismic performance 
features: re-centering and energy dissipation with little damage. As a result, the concept of a controlled share of ductility 
demand between the superstructure and the foundation as a key ingredient for the seismic design of foundations and 
structures has been gaining acceptance within the research and practicing earthquake engineering communities.  

In this paper, two simplified methods to estimate the maximum inelastic displacement demand of single-degree-of-
freedom-like structures supported on rocking shallow foundations are evaluated. The first method is the Direct 
Displacement-Based Design approach proposed by Deng et al. (2014). The method adopts an iterative equivalent linear 
approach; the maximum displacement is estimated as the maximum displacement of a linear visco-elastic oscillator that 
accounts for nonlinearity by elongating the effective secant system period and increasing the equivalent viscous damping. 
In the second method, nonlinear dynamic time history analyses are performed. The superstructure is modeled with a 
lumped mass at the top of a column and the soil-foundation interaction is represented by a nonlinear rotational spring and 
a nonlinear viscous dashpot. Two moment-rotation relations of the rotational spring were considered: a bilinear elastic 
model and a bilinear elastic-perfectly-plastic model. The accuracy of each method is assessed in terms of median 
correlation, scatter, and bias against data from a new database of dynamic rocking foundation experiments that is briefly 
introduced. The database currently contains 159 event case histories compiled from five centrifuge and three 1g shake-
table test series, spanning a variety of rocking system properties, soil types and input ground motions. For all methods, 
68% of the predictions were within a factor of 1.5 to 1.6 of the experimental measurements. 
 
 
 
1 INTRODUCTION 
 
Rocking shallow foundations research has received 
increased attention over the last decade that could be 
dated back to Housner (1963), who, after observing the 
excellent performance of inverted pendulum type elevated 
water tanks in the 1960 Chile earthquakes, studied 
analytically the seismic stability of rigid blocks rocking on a 
rigid base. Since then several researchers have 
characterized the pseudo-static and dynamic behavior of 
shallow foundations subjected to large overturning 
moments using centrifuge (Rosebrook 2001; Gajan and 
Kutter 2008; Deng et al. 2012a; Hakhmaneshi et al. 2012; 
Loli et al. 2014) and 1g (Taylor et al. 1981; Negro et al. 
2000; Shirato et al. 2008; Drosos et al. 2012; Antonellis et 
al. 2015) model tests, as well as numerical sumilations 
(Mergos and Kawashima 2005; Anastasopoulos et al. 
2010; Deng et al. 2012b). These experimental and 
numerical studies have combinedly produced compelling 
evidence that rocking foundations can be designed to offer 
superior seismic performance features compared to the 
traditional structural hinging design, notably, recentering 
and energy dissipation with small permanent deformations, 
and reduced collapse potential. 

With the gradual acceptance of the concept of rocking 
isolation at the foundation level as a rational seismic 
protection strategy, researchers have also worked on 
implementing rocking foundations into the design 
methodologies for different structural systems, ranging 
from isolated bridge piers (Paolucci et al. 2013; Deng et al. 
2014; Anastasopoulos and Kontoroupi 2014; Antonellis 

2015) to bridge systems (Ni et al. 2014) and buildings 
(Kutter et al. 2016). While these methods generally aim at 
estimating the inelastic displacement demand at the 
foundation and system level, they are cast within different 
frameworks. Paolucci et al. (2013) and Deng et al. (2014) 
studies adopt the Direct Displacement-Based Design 
(DDBD) framework of Priestley et al. (2007), in which, the 
inelastic displacement demand is computed from an 
equivalent linear visco-elastic oscillator with lower lateral 
stiffness and higher viscous damping. On the contrary, in 
Antonellis (2015) the inelastic displacement demand is 
estimated as the product of the displacement of the studied 
system, if it were linear elastic, times a nonlinear 
modification factor. Lastly, Anastasopoulos and Kontoroupi 
(2014) considered Nonlinear Dynamic Analyses (NDA) and 
represented the soil-foundation interaction with uncoupled 
simplified nonlinear springs in parallel with linear viscous 
dashpots. 

This paper aims to evaluate two simple methods for 
estimating the inelastic displacement demand of single-
degree-of-freedom (SDOF) like structures on rocking 
foundations: (a) the DDBD procedure proposed by Deng et 
al. (2014), and (b) NDA using a bilinear elastic, or bilinear 
elastic-perfectly-plastic, rotational spring and a nonlinear 
rotational viscous dashpot. The efficiency of each method 
is assessed against experimental data from a new 
comprehensive database of dynamic rocking foundation 
tests (Gavras et al. 2017). The database includes 159 
model “case histories” that span a wide range of model 
sizes, soil and structure properties, and seismic 
excitations, and thus, provides a robust basis to quantify 



 

the ability of these simple analyses to predict the 
displacement demands of rocking foundations. 
 
 
2 DESCRIPTION OF ROCKING FOUNDATIONS 
 
2.1 Dynamic Response 
 
The schematic of a flexible single-column bridge pier 
supported on a rocking shallow foundation is shown in 
Figure 1. The superstructure consists of a deck of mass md 
on top of a flexible column of mass mc. The centroid of the 
deck is at a height of hcd above the base of the footing. The 
footing is embedded in the soil to a depth D, and has plan 
dimensions of length L in the plane of rocking and width B 
normal to the plane of rocking. The total static axial load at 
the base of the footing is equal to Pst = (md+mc+mf+mfc)∙g, 
where mfc is the footing soil cover mass. 

The structure’s inertial response when subjected to 
seismic excitation produces dynamic axial load (Pf), shear 
load (Vfx) and moment (Mfy) demands at the base centroid 
of the footing. This causes the footing to rotate (θfy), slide, 
and settle or uplift relative to the free-field soil. The deck 
rotation (θdy) and displacement (Δdrx) add to the structure’s 
deformational response. Herein, deck drift ratio (Θ) is equal 
to the difference between the total lateral deck 
displacement (Δdtx) and the free-field soil surface 
displacement (ussx), normalized by hcd. Thus, the deck drift 
ratio includes contributions from footing sliding, footing 
rotation and column flexibility. 
 
2.2 Rocking Parameters 
 
The rocking foundations’ response controlling parameters 
are introduced subsequently. The coupled response 
between rocking and sliding of the footing is controlled by 
the normalized moment-to-shear ratio M/(V∙L), which for 
the case of Figure 1 can be approximated as hcs/L, where 
hcs is the height of the mass centroid of the entire structure 
above the footing base. M/(V∙L) ≥ 1 values indicate a 
rocking-dominated response (Gajan and Kutter 2009). The 
re-centering, energy dissipation and settlement behavior is 
characterized by the foundation critical contact area ratio 
A/Ac, where Ac (= B∙Lc) is the minimum soil footing contact 
area during rocking that is sufficient to support Pst –as 
determined from conventional bearing capacity theory–, 
and A is the plan footing area. Lastly, the rocking base 
shear coefficient (Cr) represents the normalized seismic 
load that would mobilize the foundation moment capacity 
(Mfc), and can be expressed as (Deng et al. 2012b): 
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Figure 1. Schematic of a rocking shallow foundation 
supporting a flexible bridge pier superstructure (modified 
after Gavras et al. 2017).  
 
 
3 EXPERIMENTAL DATABASE 
 
Hakhamaneshi et al. (2017) and Gavras et al. (2017) have 
summarized and archived the results of physical model 
tests on rocking shallow foundations into two new 
NEEShub databases. The first database (FoRCy) includes 
monotonic and slow-cyclic experiments, whereas the latter 
database (FoRDy), that contains dynamic shaking tests of 
SDOF-like structures on rocking foundations, is used in this 
work as the evaluation domain for the simplified methods. 

The FoRDy database includes in total 159 model “case 
histories” that span a wide range of model sizes and 
rocking system properties (Figure 2), and –artificial and 
realistic– seismic input motions (Figure 3). It is compiled 
from five centrifuge and three 1g shake table tests series 
that were conducted at facilities in the US, Greece, and 
Japan. Each of these tests studied different aspects of the 
dynamic performance of rocking foundations. The SSG03 
and SSG04 centrifuge test series (Gajan and Kutter 2008) 
studied the response of surface and embedded shear wall 
footings on dense dry sand. The LJD01 and LJD03 (Deng 
et al. 2012a), and MAH01 (Hakhamaneshi et al. 2012) 
centrifuge tests involved flexible single-column bridge piers 
on rocking foundations that were supported by dense dry 
sand (LJD01), loose to medium dry sand (LJD03), and 
medium strength overconsolidated clay (MAH01). In the 
small-scale S2011SQF1 (Tsatsis and Anastasopoulos 
2015) and medium-scale PWRI_S (Shirato et al. 2008) 1g 
experiments, rigid bridge piers with square footings resting  
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Figure 2. Variation of structural and soil-footing-superstructure system parameters of test models in FoRDy database (after 
Gavras et al. 2017). 
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Figure 3. Variation of (a) Peak Ground Acceleration (PGA) 
and (b) Peak Ground Velocity (PGV) of the achieved base 
ground motions for the test cases in FoRDy database (after 
Gavras et al. 2017). 
 
 
on top of dry sand profiles were tested. The S2011SQF1 
tests included both uniform and layered sand profiles, with 
varying relative densities, whereas dense sand was used 
in the PWRI_S tests. Lastly, the UCSD (Antonellis et al. 
2015) 1g experiments tested large-scale reinforced 
concrete bridge columns with square footings embedded in 
dense to very dense sand and varying water table 
conditions. 
 
 
4 OVERVIEW OF SIMPLIFIED METHODS  
 
4.1 Direct-Displacement Based Design (DDBD) 
 
Deng et al. (2014) extended the Direct Displacement-
Based Design (DDBD) equivalent linearization approach of 
Priestley et al. (2007) for flexible SDOF structures 
supported on rocking-dominated shallow foundations. For 
that purpose, he first developed a multilinear elasto-plastic 
moment-rotation model based on the observed nonlinear 
behavior of shallow rocking foundations in centrifuge tests. 

The multilinear hysteretic model is depicted in Figure 4(a, 
b). It consists of a trilinear loading and reloading backbone, 
and linear unloading. The initial rotational stiffness is        
Kinit = 300∙Mfc, the foundation moment capacity (Mfc or 
Mc_foot) is fully mobilized at a rotation of b = 0.012 rad, and 
the residual rotation at zero moment (z) is a function of the 
peak footing rotation (d) and the critical contact area ratio 
(A/Ac). 

In this framework, the system shown in Figure 1 is 
represented with three in series elements, each one 
consisting of a linear spring parallel to a linear dashpot. The 
first element represents the initial rotational stiffness (Kinit) 
and radiation damping (ξrad) of the foundation, whereas the 
third element represents the translational stiffness (K0) and 
“elastic” damping (ξc) of the column. The second element, 
of stiffness Keq and damping ratio ξhys, is an equivalent 
linear approximation of the plastic element shown in Figure 
4(b). When subjected to the same steady-state harmonic 
rotation cycle, the two elements will have the same secant 
stiffness to peak rotation (keq) and same energy dissipation 
(EDiss). The above three elements are then integrated in 
series into a single equivalent linear viscoelastic element 
with damping ratio of ξsys and stiffness Ksys as shown in 
Equations 3 and 4: 
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where hS is the height of the effective seismic mass (mS) 
above the footing base which is equal to hcd for the case 
depicted in Figure 1. 



 

 
Figure 4. Decomposed rocking moment versus rotation behavior of (a) elastic, (b) plastic elements of the multilinear 
hysteretic model, and (c) equivalent linear element representing the plastic element (after Deng et al. 2014). 
 
 

The iterative DDBD procedure used to estimate the 
peak drift ratio demand of the rocking models in the FoRDy 
database was as follows: 

 
1. Simplify the structure as an SDOF by calculating mS 

and hS, where mS = Pst/g and hS = hcs if the structure 
is essentially rigid (SSG03, SSG04, PWRI_S and 
S2011SQF1 test series), or mS = md+mc/3 and         
hS = hcd if the structure is flexible (LJD01, LJD03, 
MAH01 and UCSD test series). Calculate K0 based 
on the known fixed base structural period T0. 

2. Calculate the foundation moment capacity to be 
used in the analysis (Mfc_an), such that the 
corresponding rocking base shear coefficient is the 
same with the analyzed experimental model, as 
Mfc_an = Cr∙mS∙g∙hS. Calculate Kini as 300∙Mfc_an. 

3. Assume an input lateral displacement (Δin) at the 
effective seismic location. For the first iteration Δin 
should correspond to a foundation moment demand 
equal to 0.5∙Mfc_an, whereas subsequent iterations 
should use the output displacement from step 6. 

4. For the input lateral displacement (Δin) calculate the 
corresponding total (d), elastic (θe_max), and plastic 
(θp_max) footing rotation demands. Calculate the 
secant stiffness (Keq) and equivalent damping (ξhys) 
of the second equivalent linear element. 

5. Calculate the system-level equivalent linear 
stiffness (Ksys), period (Tsys), and damping (ξsys) from 
Equations 3 and 4 using ξrad = ξc = 5%.  

6. Compute the output lateral displacement (Δout) from 
the linear displacement spectrum of the motion 
using Tsys and ξsys. If Δout is within 2% of Δin complete 
iterations, otherwise return to step 3. 

 
4.2 Nonlinear Dynamic Analysis (NDA) 
 
The second method uses nonlinear dynamic analyses, in 
which, the soil-foundation interaction is modeled with a 
nonlinear rotational spring. Figure 5 shows details of the 
model implemented in the OpenSees (McKenna et al. 
2010) platform.  

Node 1 has zero translational and rotational mass and 
is fixed against translation (x and y direction) and rotation. 
Node 2 also has zero translational and rotational mass but 
is only fixed against translation about the x- and y-axes. 

Node 3 is located at a height hS above Node 2, has the 
same translational mass (mS) in both the x and y directions 
and no fixities. The values of hS and mS were calculated as 
described in the iterative DDBD method in Section 4.1. 
Lastly, the linear beam-column element between nodes 2 
and 3 was given a flexural stiffness corresponding to the 
known fixed base period of the rocking system (T0). 

The rotational spring connecting nodes 1 and 2 
represents the soil-foundation interaction. Two nonlinear 
moment-rotation relations were considered for this spring: 
Bilinear Elastic shown in Fig. 5(b), and Bilinear Plastic 
shown in Fig. 5(c). These idealized moment-rotation 
relations were used as approximations of the expected 
experimental response of rocking foundations with very 
large and small A/Ac ratios, while potentially bounding the 
response in intermediate cases. The moment capacity of 
the springs (Mfc_an) and initial stiffness (Kini) were selected 
as described in the iterative DDBD method in Section 4.1. 

 
 

 
Figure 5. (a) Two-dimensional model of rocking foundation 
system in OpenSees.  The backbone curves for the (b) 
Bilinear Elastic and (c) Bilinear Plastic or elastic-perfectly-
plastic rotational springs are also shown. 



 

Two sets of analyses were performed for each of the 
rotational springs, one including P-Δ effects and another 
without P-Δ effects. The corotational geometric 
transformation command was used to account for P-Δ 
effects. Gravity loads were applied using a Load Control 
integrator object, after which, the input motion was applied 
at the base of the model at Node 1. The input motion was 
obtained from the database and corresponded to the free-
field soil surface acceleration in the horizontal direction, 
except for the SSG03 and SSG04 test series in which the 
achieved model container (soil base) acceleration was 
used as the input motion because the surface acceleration 
was unavailable. The transient dynamic analysis included 
viscous damping that was proportional to the last 
committed tangent stiffness and corresponded to 5% 
damping ratio for the initial linear elastic stiffness. It was 
solved using the Newton-Raphson algorithm and the 
Newmark average acceleration integration method. The 
convergence at the end of each iteration step was tested 
using an energy increment test with tolerance set to 10-12 
and the time step for the dynamic analysis varied from 
1/100 to 1/1000 times the original time step of the input 
motion. 
 
 
5 RESULTS  
 
Summary plots from the NDA method for the events 
S2011SQF1-1-LS-2 and SSG03-1-AW-5 are presented in 
Figures 6 and 7 respectively. The time series data for the 
nonlinear analysis using the Bilinear Plastic and Bilinear 
Elastic spring are shown in subplots (b) to (e). Subplots (f) 
and (g) show the normalized moment and drift ratio 
hysteresis plots for the analyses. The moment demand at

the footing base centroid (Mf) is normalized by 0.5∙Pst∙L and 
the analysis peak drift ratio of the deck Θan was estimated 
for each case in the FoRDy database. 

In Figure 6 the experimental drift ratio shows a biased 
accumulation of displacement due to the P-Δ moment; this 
behavior was well captured by the Bilinear Plastic spring 
with P-Δ effects (Figure 6b). The S2011SQF1-1-LS-2 test 
case was the second in the sequence of dynamic shaking 
on a 1g rocking bridge pier model. Soil yielding at the start 
of this event was minimal and the rocking stiffness that was 
obtained using the “300 Rule” matched well with the 
experimental stiffness. The initial stiffness of the nonlinear 
rotational spring was consistent throughout the event 
indicating low yield of soil under the rocking footing. 

The NDA for the SSG03-1-AW-5 event shows how the 
Bilinear Elastic model (Figure 7g) was unable to capture 
the actual damping of the rocking system. The empirical 
estimate of rocking stiffness Kinit for this event was 
observed to be significantly different from the experimental 
stiffness. This may be due to the softened response of the 
soil during the fifth event in the shaking sequence, which is 
not accounted for.  

The final estimate of peak drift ratio from the DDBD 
method and both the NDA models –Bilinear Elastic and 
Bilinear Plastic– are plotted against the experimental peak 
drift ratios in Figure 8(a), (b), and (c) respectively. It is noted 
that experimental cases with an initial P-Δ moment, due to 
the accumulated permanent rotation from previous events, 
larger than 5% of the foundation moment capacity are not 
included in these plots, resulting to a total of 121 cases. 
The yellow line shows the moving median for the data 
points with P-Δ effects and the green line in Figure 8(c) 
shows the moving median for NDA-Bilinear Plastic analysis 
without   P-Δ  effects.   The   analysis   without   P-Δ    effects 

 

Figure 6. Results of the Nonlinear Dynamic Analysis for the S2011SQF1-1-LS-2 event (Tsatsis and Anastasopoulos 2015). 
The black line represents the experimental data. The red and blue lines represent the Bilinear Plastic and Bilinear Elastic 
spring analysis results in each of the subplots.



 

Figure 7. Results of the Nonlinear Dynamic Analysis for the SSG03-1-AW-5 event (Gajan and Kutter 2008). The black line 
represents the experimental data. The red and blue lines represent the Bilinear Plastic and Bilinear Elastic spring analysis 
results in each of the subplots. 
 
 

 
Figure 8. Comparison of peak drift ratio computed by the (a) Direct Displacement-Based Design, (b) NDA-Bilinear Elastic, 
and (c) NDA-Bilinear Plastic methods plotted against the experimental peak drift ratio of the FoRDy model tests. 
 
 
underestimates the peak drift because it cannot model the 
loss of geometric stiffness that accompanies dynamic 
rocking. 

Comparisons between the experimental peak drift and 
numerical peak drift were used as a basis to evaluate the 
accuracy of the three simple numerical methods 
considered in this study. 68% of the peak drift ratios from 
the analysis were within a factor of 1.56, 1.5 and 1.54 of 
the experimental peak drift ratios for the DDBD method, 
NDA-Bilinear Elastic spring and NDA-Bilinear Plastic 
spring respectively. 

Possible bias in the prediction of peak drift ratio in each 
of the three methods was investigated by plotting the ratio 
of the analysis and experimental peak drift ratio, Θpk_an 
/Θipk_exp, as a function of the instability ratio, Θipk_exp/ΘOT 
(i.e., the ratio of the peak experimental drift angle to the 
drift angle associated with static instability) as shown in 
Figure 9. This bias plot shows how the accuracy of the 
median predicted peak drift ratio decreases above an 
instability ratio of 10%. This is because large instability ratio 
causes large P-Δ effects, which were not accounted for in 
the DDBD methodology. The NDA-Bilinear Plastic results  



 

 
 

Figure 9. Plot of the bias in the analysis peak drift ratio predictions when plotted against the ratio of the incremental peak 
experimental drift ratio Θipk_exp and the static overturning drift ratio ΘOT for all three methods of analysis: (a) Direct 
Displacement-Based Design, (b) NDA-Bilinear Elastic, and (c) NDA- Bilinear Plastic. The green line shows the moving 
median for the NDA-Bilinear Plastic analysis without P-Δ effects. 
 
 
show a good prediction of the peak drift when P-Δ effects 
were considered (the data points in Figure 9c show results 
of analysis with P-Δ effects and the yellow line is the 
moving median for these points), while moving median of 
analysis without P-Δ effects (green line) show 
underpredicted values of peak drift at higher instability 
ratios. Thus, NDA-Bilinear Plastic results with P-Δ effects 
show the best trend of the moving median line among the 
methods considered. On the other hand, the median line 
for the Bilinear Elastic analysis tends to overpredict median 
experimental displacement, but the actual scatter band (a 
factor of 1.5) is slightly smaller than the scatter band for 
Bilinear Plastic analysis (a factor of 1.54). 
 
 
6 CONCLUSIONS  
 
The FoRDy Database contains data from dynamic rocking 
foundation tests from centrifuge, and from small and large 
scale 1g test environments. It is a comprehensive database 
which includes a variety of soil profiles, model structures, 
rocking system properties and ground motions which 
makes it useful for the validation of design procedures and 
numerical tools on rocking foundations. 

This study used two simplified methods to predict the 
peak drift demand in the rocking shallow foundation models 
found in the FoRDy Database. The first method, the Direct 
Displacement-Based Design (DDBD) method described by 
Deng et al. (2014), produced 68% of the predictions within 
a factor of 1.56 of the experimental results. The backbone 
hysteresis curve used for the DDBD analysis accurately 
depicts the damping as a function of footing rotation, but it 
is based on the linear response spectra and does not 
account for P-Δ effects. DDBD is simple to use in practice, 
and is reasonably accurate especially for cases where the 
maximum P-Δ moment is less than 10 or 20% of the 
foundation moment capacity.   

The second method is Nonlinear Dynamic Analysis 
(NDA) using the OpenSees finite element platform. Two 
hysteretic rules were considered for the nonlinear rotational 
spring: Bilinear Elastic and Bilinear Plastic with initial 
rotational stiffness equal to 300∙Mfc. This empirical rule, 

proposed by Deng et al. (2014), seems to be robust for the 
initial rocking on all types of soil in the database.  

The Bilinear Elastic rotational spring underestimated 
damping but overestimated the recentering behavior of the 
rocking foundation.  The errors due to these phenomena 
tend to counterbalance each other. The Bilinear Plastic 
rotational spring overestimated damping but 
underestimated recentering. Again, these errors 
approximately counteract each other.  

P-Δ effects had negligible effect on the Bilinear Elastic 
analyses, but P-Δ effects did have a significant effect for 
nonlinear dynamic analysis using the Bilinear Plastic 
model. In analyses without P-Δ, displacements were 
underestimated at large drift angles, but when P-Δ effects 
were considered, the median predicted drift accurately 
followed the median experimental drift. The nonlinear 
dynamic analysis could probably be improved by using 
more accurate hysteretic models. 
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