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Abstract
Although seismic design concepts integrated the idea of shallow rocking foundations as an effective way to 
dissipate the induced seismic energy, a practical design solution is yet to be established. To attain this objective, it 
is necessary to identify the key parameters that govern the rocking efficacy of foundation and eventually overall 
seismic performance of the entire structure. The primary focus of this study is to assess the key parameters such as 
soil type and embedment depth of footing in conjunction with varying rocking foundation efficacy on the seismic 
force and displacement demands of the Reinforced Concrete (RC) buildings. A simplified generic high rise RC 
building along with its foundation is considered for the analytical study which is designed and detailed as per 
relevant Indian Standards. To highlight the beneficial effects of rocking foundation, seismic responses of the RC 
buildings with varying foundation rocking efficacy are compared with the conventional foundation design 
philosophies by conducting nonlinear dynamic time history analyses. From the seismic responses, it is determined 
that the moment from column to foundation and base shear, owing to seismic action, decreases with an increasing 
settlement at the base of the foundation for rocking footing. It is also observed from the seismic responses that 
rocking foundations effectively de-amplifies the peak roof acceleration by utilizing the nonlinear soil responses 
during earthquakes. Hence, it can be depicted that the foundation rocking improves the overall stability of the 
buildings by decreasing the seismic force demands with a slight increase in seismic displacement demands. The 
investigation also indicates that the efficacy of rocking foundation is not sensitive to embedment depth of footing.

Keywords: Rocking foundation, embedment depth, nonlinear time history analysis, seismic performance, beam on 
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INTRODUCTION
Researchers observed that buildings invariably go into an inelastic state under seismic excitation. 
Additionally, seismic design should control the damage due to seismic forces rather than avoiding it[1,2]. 
According to the present design philosophy, damage occurring in the critical members of the building is 
prevented by allowing the damage to less critical members first through strong column-weak beam concept, 
structural fuses, etc.[3,4]. Recent research indicates that such a design philosophy may also result in 
uneconomical and occasionally vulnerable buildings due to seismic events[5-7]. In general design practice, the 
nonlinear responses due to soil-foundation interaction are generally ignored for all practical purposes and 
considered that the additional forces during the seismic excitation will be resisted by the components of the 
superstructure itself[8]. However, nonlinear behaviour of the soil-foundation system can be considered 
appropriate to disperse the seismic energy transmitted to the buildings. This can be achieved by allowing the 
foundation to uplift, i.e., rocking of footing by providing an unconventional under proportioned footing 
termed as rocking footing or rocking foundations[9-14].

The mechanism of rocking foundation, as represented in Figure 1, illustrates that there is a possibility of 
uplift on one side of the footing during seismic shaking[15]. This uplift on one side of the footing transmits 
larger loads on the soil medium on the opposite side of the foundation. As a direct result of this, soil 
yielding may take place, which would result in the footing becoming plastically settled. On the other hand, 
foundation uplift causes a larger dissipation of energy and prevents the elements of the superstructure from 
yielding when there is a seismic force applied to the structure. Based on the experimental and numerical 
studies, several researchers[16-24] have suggested that rocking foundation has self-centring ability, elongates 
the structure period during excitation, and reduces the demands on the superstructure. Subsequently, 
simplified methods to predict the nonlinear rocking stiffnesses were provided[25-29]. However, rocking of the 
footing would not always be advantageous to the building, and in certain instances, it might even create 
adverse effects[30].

Conventional foundation design approaches result in a highly flexible building made up of rigid foundation 
components, resulting in greater vulnerability to extensive damage during severe seismic events. As a result 
of these factors, repairing the damages is not cost-effective, so it is necessary to evaluate the feasibility of 
using a rocking foundation instead of the conventional rigid foundation. Response of rocking foundation 
depends on various structural parameters (aspect ratio of the building, stiffness, period of the building), soil 
properties (type of soil, relative density, cohesion), and ground motion characteristics (predominant period 
of excitation, amplitude, and direction of seismic motion). However, most of the studies, as mentioned 
earlier, focus on shallow footings on the ground level which is contrary to the actual foundation depth 
below the ground level kept for buildings. Limited studies[31] were available on the effect of embedment 
depth on the rocking efficacy of shallow footings. In addition to those studies related to the estimation of 
seismic force and displacement demands on the shear walls[32,33], field studies[34,35] on columns supported by 
the rocking shallow foundation are explored. However, the effect of foundation rocking on the multistory 
Reinforced Concrete (RC) frame buildings on varying rocking foundation efficacy has not been explored. 
Accordingly, this study aims to assess the effect of embedment depth with varying soil types on the seismic 
response of shallow rocking foundation of a RC frame. A comparative analytical study is undertaken on a 
high-rise RC building in conjunction with different soil conditions and with varying degrees of rocking. The 
fundamental time period of the building, roof drift, induced seismic moment and shear at column base and 
foundation settlement of conventionally designed footings are compared with rocking footings.

PARAMETRIC STUDY
A generic symmetrical plan, as presented in Figure 2, of a ten storey RC building with a storey height of 
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Figure 1. Comparison of failure mechanism of conventional foundation with rocking foundation[15].

Figure 2. Plan of the RC building considered for this study.

3.3 m has been considered for this study. The building is designed and detailed as per relevant Indian 
standards[36-39] and is assumed to be located in seismic zone IV as per IS1893[40].

Modelling of superstructure and substructure
The considered building is modelled as a two-dimensional RC framed building, and only the external frame 
AB, as shown in Figure 2, has been considered for this study. The frame elements are designed as Special 
Moment-Resistant Frames (SMRF) as per relevant Indian standards[36-39]. Characteristic strength concrete 
(fck) and yield strength of reinforcement steel (fy) are considered as 40 and 550 Mpa, respectively, for the 
beam and column members. Fiber based distributed plasticity modelling approach is considered to simulate 
the nonlinear behaviour of frame members[41]. Validating with experimental data is essential to confirm the 
accuracy of the analytical modelling methodologies employed in this work.
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The laboratory experiments on one bay two storey RC frame by Vecchio and Emara[42] are taken as a 
reference model for validation purposes. This model is chosen because Vecchio and Emara[42] carried out 
the pushover analysis on a two dimensional RC frame, and also thorough information about the 
experimental details and material properties used for their model are given by the author. The response of 
the simulated model in terms of capacity curve from the nonlinear static pushover analysis for both the 
OpenSees simulated model and experimental model is shown in Figure 3. A close agreement between the 
experimental and OpenSees models has been observed, which establishes the reliability of the simulated 
model, and hence, the proposed analytical model is used for further nonlinear analyses employed in this 
study.

Similarly, the foundation of the RC frame is proportioned conventionally as per relevant Indian 
standards[43,44] to distribute the loads safely to the underlying soil. Initially, the footing was designed to 
experience 100% of the earthquake loads along with all the gravity loads coming from the superstructure. 
Later, the conventional footing is replaced with an increasing degree of rocking obtained by reducing its 
bearing area. Only the seismic loads coming from buildings are reduced to increase the rocking effect of 
foundation while no adjustments are made for loads due to self-weight of the members and expected live 
loads in the buildings to ensure serviceability condition of IS456[36]. Three types of soil conditions are chosen 
for this study, namely medium dense, dense, and very dense sand having angles of internal friction of 35°, 
40°, and 45°, respectively, selected as per IS6403[44]. The unit weight and elastic modulus of the soil are 
considered as per the recommendation of Bowles[45] and Peck, Hanson and Thornburn[46]. Accordingly, the 
values for unit weight of the soil vary from 17 kN/m3 for medium dense sand to 22 kN/m3 for very dense 
sand. Similarly, the elastic modulus of the medium dense sand is taken as 47.88 to 95.76 MPa for very dense 
sand. The details of the footing dimensions for conventional and rocking footings proportioned by 
assuming the soil conditions mentioned above are shown in Table 1.

The supporting soil and foundation are modelled together as Beam on Nonlinear Winkler Foundation 
(BNWF)[47]. It is provided from the studies related to rocking foundation mentioned above that BNWF is 
one the most effective techniques for modelling the rocking foundation. The BNWF approach is 
conceptualized as a rigid footing supported by springs with zero length elements having parallel Q-Z springs 
used to simulate the vertical load settlement responses and two lateral springs at the edge of footing to 
simulate the passive load displacement behaviour (P-X springs) and shear sliding behaviour (T-X springs). 
The parameters pertaining to the BNWF are assumed as per the governing parameters and properties by 
Raychowdhury[47].

Seismic responses of buildings are highly sensitive to the applied ground motions in the event of 
earthquakes. The selected ground motions should be capable of capturing all the intensity levels, frequency 
content, duration, and all other parameters affecting seismic response of the building. Hence, 16 ground 
motions shown in Table 2 are selected for this study, with varying amplitude, frequency content and 
duration parameters. The seismic responses for all the buildings have been determined by performing 
nonlinear time history analysis as per FEMA356[48].

Effect of foundation rocking on fundamental natural period of the building
The distribution of base shear in the structural components is dependent on the fundamental natural period 
of the building, an important dynamic property. Figure 4 shows that the fundamental natural period of a 
building with a fixed base is significantly lower than the time period of the buildings calculated by 
considering footing and underlying soil.
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Table 1. Degree of foundation rocking with varying soil types considered in the study

Soil type Footing dimensions Footing nomenclature Moment to 
shear ratio FSv Embedment depth of footing

4.0 × 4.0 m CFD 4.19 4.7

3.5 × 3.5 m SR 3.89 6.8

φ = 35° 
(MDS)

3.0 × 3.0 m HR 3.16 9.3

DS = 7.62.5 × 2.5 m CFD 3.5

VDS = 16.7

DS = 4.62.0 × 2.0 m SR 3.3

VDS = 10.6

DS = 2.5

φ = 40° 
(DS) and 
φ = 45° 
(VDS)

1.5 × 1.5 m HR 3.1

VDS = 4.5

0.5, 1.0, 1.5, 
2.0 and 2.5 m

φ: Angle of internal friction of soil; MDS: medium dense sand; DS: dense sand; VDS: very dense sand; CFD: conventional footing design; SR: slight 
rocking footing; HR: heavy rocking footing.

Table 2. List of ground motions considered

Ground motion ID Ground motion name Station Year PGA (g)

G1 Hector Amboy 1999 0.023

G2 Hector Amboy 1999 0.037

G3 Kobe Morigawachi 1995 0.13

G4 Kobe Morigawachi 1995 0.21

G5 Kocaeli Arcelik 1999 0.21

G6 Kocaeli Arcelik 1999 0.21

G7 Imperial Valley Delta 1979 0.24

G8 Landers Coolwater 1992 0.28

G9 Imperial Valley Delta 1979 0.35

G10 Loma Prieta Gilroy Array #3 1989 0.37

G11 Landers Coolwater 1992 0.42

G12 Northridge Beverly Hills 1994 0.45

G13 Loma Prieta Gilroy Array #3 1989 0.56

G14 Northridge Beverly Hills 1994 0.62

G15 Duzce Turkey Bolu 1999 0.74

G16 Duzce Turkey Bolu 1999 0.81

The fundamental natural period of Conventional Footing Design (CFD) in medium dense and very dense 
sand is similar with an increase of 5% from the fixed base but lower than that of CFD in dense sand which 
shows an increase of 7%. The degree of increase is significantly lower for medium dense sand, whereas for 
dense and very dense sand, the improvement is rapid for the Heavy Rocking (HR) footing case. However, it 
is observed that time period of the building is not affected by varying embedment depths of footing. The 
lengthening period due to foundation rocking decreases the design base shear of the building.

Effect of foundation rocking with varying embedment depths on peak roof responses
For 16 ground motions, the seismic responses in terms of roof drift and roof accelerations for 
conventionally designed footings and rocking footings with various embedment depths of footings with 
different soil types are evaluated. Figure 5 depicts the observed peak roof drift for the considered ground 
motions with different foundation rocking conditions. From Figure 5, it is evident that the structural 
members on the conventionally designed footing experience higher peak roof drifts than the structural 
members with increasing foundation rocking, and it varies between 0.4% to 0.6% when the foundation size 
changes from Slight Rocking (SR) to HR.
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Figure 3. Verification of the simulated analytical model with experimental results obtained from Vecchio and Emara[42] .

Figure 4. Time period comparison for various soil types in conjunction with footing types.

To comprehend the efficacy of foundation rocking on the inertial response in terms of peak roof 
acceleration for RC buildings, Figure 6 shows the effect on different foundation types considered. From 
Figure 6, it is evident that the peak roof acceleration decreases with increasing efficacy of foundation 
rocking and the maximum degree of reduction is about 20% to 25% for buildings on dense and very dense 
sand. However, responses were identical regardless of footing embedment depth.
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Figure 5. Effect of foundation rocking on peak roof drift (median) for buildings on (A) medium dense sand; (B) dense sand; (C) very 
dense sand; at different footing embedment depths.

As a consequence of foundation uplift, roof displacement is found to increase with increasing rocking effect 
of foundation. Simultaneously, the roof acceleration transmitted into the superstructure is found to de-
amplify, indicating the beneficial responses in the overall behaviour of the superstructure.

Effect of foundation rocking with varying embedment depths on peak foundation responses
Figures 7 and 8 depict the observed median responses for the considered ground motions in terms of peak 
moment transferred to the supporting footings and peak settlement at the foundation level. It is noted that 
the greatest reduction in peak moment is observed for HR footings on dense sand (35%), followed by HR 
footings on very dense sand (15%). In the remaining cases, i.e., for buildings on medium dense sand and SR 
footings, the degree of reduction was less than 10%, and it has been observed that the embedment depth of 
the foundation has no effect on the seismic responses for medium and very-dense sand.

From Figure 8, the settlement at foundation increases substantially with the efficacy of foundation rocking, 
irrespective of the soil type. However, the observed settlements are within the permissible level of 50 mm as 
prescribed in IS8009[49]. On the other hand, varying embedment depth of the foundation did not affect the 
settlement responses. The settlement at the foundation increases because the narrower footings will result in 
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Figure 6. Effect of foundation rocking on peak roof acceleration (median) for buildings on (A) medium dense sand; (B) dense sand; (C) 
very dense sand; at different footing embedment depths.

lower bearing capacity and are more prone to have excessive settlement than the conventionally designed 
ones. The increase in settlement also indicates that the seismic force imparted on the RC buildings is 
significantly redistributed to the soil foundation interface.

The relative stiffness between the foundation and soil governs the roof drift [Figure 5] and settlement 
[Figure 8] behaviour variation. Generally, the foundation sizes for medium dense will be wider because of 
its lower bearing capacity than the dense and very dense sand conditions. It has to be noted that the roof 
drift is governed by the flexural drift of the structural members along with rocking drift due to the uplifting 
nature of the foundation. For the structures on medium dense sand, inelasticity of the superstructure is 
utilized higher than other soil types, as seen from Figure 7 (peak moment transferred to the foundation 
from column base). As a result, for the structures on medium dense sand, the roof drift is governed mainly 
due to the flexural drift rather than the rocking nature. On the other hand, for the structures on dense sand, 
the foundation size is narrower than the medium dense sand and the seismic force demands [Figure 7] are 
reduced with increasing settlement [Figure 8] indicating that inelasticity of both the superstructure and 
substructure is significantly utilized and as a result of uplifting nature of footing, roof drift increases 
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Figure 7. Effect of foundation rocking on peak moment (median) transferred to the foundation for buildings on (A) medium dense sand; 
(B) dense sand; (C) very dense sand; at different footing embedment depths.

significantly. In contrast, for the structures on very dense sand, due to higher stiffness offered by the soil, 
inelasticity of the substructure is utilized lesser when compared to the dense sand.

In addition to that, centrifugal studies on the embedded rocking footings by Hakhamaneshi and Kutter[31] 
indicate that the uplift mechanism of the foundation depends on the dilation features of the soil medium 
and soil ravelling mechanisms. In this study, soil is modelled using BNWF, i.e., parallel springs, to model 
footings’ settlement and rocking behaviour. Also, it must be noted that the foundation rocking mechanism 
is more predominant than the sliding mechanism due to the higher moment to shear ratio, as mentioned in 
Table 1. Hence, this study does not observe complex foundation rocking mechanisms due to embedment 
depth and its impact on foundation rocking. Therefore, rigorous nonlinear finite element analysis is 
required to understand the failure mechanism caused by foundation embedment depth, such as dilation and 
soil ravelling features.

The total base shear is calculated as a cumulative sum of base shear observed at all the bases of all columns, 
and Figure 9 shows the base shear for considered RC buildings with CFD, SR, and HR. For medium dense 
sand, the base shear is not significantly affected by increasing rocking efficacy and embedment depth since 
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Figure 8. Effect of foundation rocking on permanent foundation settlement (median) for buildings on (A) medium dense sand; (B) 
dense sand; (C) very dense sand; at different footing embedment depths.

higher foundation sizes are generally provided for the medium dense sand soil types because they exhibit 
lower shear strength than dense and very dense sand. In contrast, for the very dense sand, the base shear 
tends to get reduced with increasing rocking efficacy and indicates that the rocking foundations impart 
lower seismic demand to RC buildings when compared with CFD cases.

Figure 10 illustrates the maximum force acting at the foundation soil in the form of spring force at the 
footing edge for the middle column. It is noted that the magnitude of spring force increases with decrease in 
footing size for medium dense sand. The degree of increase in end spring force is about 7.5% for SR footing 
and 3.5% for HR footing type. On the other hand, the magnitude of the end spring force is found to 
decrease for dense and very dense sand. However, no significant impact on the responses is observed for 
varying embedment depth of footing. As a consequence of the foundation uplift, the foundation settlement 
increases with the increasing rocking effect. On the other hand, maximum moment transferred to the 
foundation element and base shear at the foundation level decreases significantly, showing that increasing 
rocking effect reduces the overall seismic force demands of the building.
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Figure 9. Effect of foundation rocking on base shear (median) of buildings supported by (A) medium dense sand; (B) dense sand; (C) 
very dense sand; at different footing embedment depths.

CONCLUSIONS
Soil foundation interface has the potential to disperse the seismic energy transmitted to the building 
through foundation uplifting. Present study investigated the effect of embedment depths of footings in 
conjunction with varying soil types on the rocking behaviour of shallow foundation. Also, the present study 
compares the effect of rocking foundation with conventionally designed footings and fixed base 
counterparts. The observed results from the eigen analysis indicate that the natural fundamental period 
lengthened with increasing rocking effect. Further, from the seismic responses, it is demonstrated that the 
rocking of footing decreases the roof acceleration with increasing roof drift. Also, the seismic moment 
induced from column base to foundation is reduced by about 35% for the very dense sand followed by dense 
sand, i.e., 15%, and finally, for medium dense sand, it is found to be approximately 10%. Further, the base 
shear exerted due to seismic action gets reduced with increasing rocking efficacy for buildings on dense and 
very dense sand. On the other hand, seismic settlement demand increases with increasing degree of rocking 
although the magnitude of the observed settlements was found to be within the maximum permissible 
limits. For medium dense and very dense sand, it has been observed that the effect of rocking is not 
considerably affected by an increase in embedment depth. This study shows that increasing rocking efficacy 
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Figure 10. Effect of foundation rocking on maximum axial force (median) experienced in supporting soil for buildings supported by (A) 
medium dense sand; (B) dense sand; (C) very dense sand; at different footing embedment depths.

by under proportioning the footings shows overall beneficial effects to the RC buildings on dense and very 
dense sand by reducing the seismic force demands and damages due to the lateral force. However, rigorous 
nonlinear finite element analysis is required to understand the failure mechanism caused by foundation 
embedment depth, such as dilation and soil ravelling features. The results observed from this study indicate 
that rocking of footing is beneficial and reduces the seismic force demands on the superstructure than the 
conventionally designed footings.
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