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Sustainable and Resilient Seismic Design of Reinforced Concrete 

Frames with Rocking Isolation on Spread Footings 
 

Panagiotis E. Mergos a,* 
a Department of Civil Engineering, City, University of London, London EC1V 0HB, UK 

Abstract.  
The rapidly evolving climate change together with the urgent need of modern societies for resilience against 
catastrophic threats set the sustainable and resilient seismic design of reinforced concrete (RC) structures as a 
priority. Rocking isolation of RC frames resting on spread footings has been proven numerically and 
experimentally to offer superior seismic performance with reduced seismic demands in the superstructure. At the 
same time, rocking footings do not require special construction solutions and can be readily implemented in the 
current state of practice. To exploit these benefits, the present study, for first time, utilizes rocking footings in the 
optimum design of RC frames for high seismic resilience and reduced environmental impact. This is achieved by 
incorporating a resilient seismic design methodology into a numerical optimization procedure that is aiming to 
minimize embodied carbon. Applications of the proposed approach show that the carbon footprint of RC frames 
can be reduced by 40% due to rocking isolation on spread footings. The benefits become more important as the 
level of seismic hazard increases. It is also found that the environmental benefits of rocking footings for RC 
frames are rather insensitive to the characteristics of ground motions and the uncertainties of soil properties. 

Keywords: Reinforced Concrete Frames; Rocking Isolation; Spread Footings; Structural Optimization; Genetic 

Algorithm; Embodied Carbon 
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1 Introduction 

Reinforced concrete is ubiquitous in the built environment. At the same time, it is responsible 

for high environmental impacts, such as greenhouse gas emissions, contributing significantly 

to current climate change [1]. This is mainly attributed to its two constituents: cement and 

reinforcing steel. Cement alone is responsible for 7% of global CO2 emissions [2]. 

Furthermore, reinforcing steel can generate embodied carbon, measured in kgCO2e, up to 

approximately two times its own weight [3].  
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Rigid frames are widely used in concrete buildings since they can form various structural 

configurations while maintaining a high degree of redundancy with multiple load paths. 

Furthermore, the high deformation and ductility capacity of concrete frames makes them 

particularly efficient in earthquake prone regions [4]. However, concrete frames are rather 

complex structural systems with multiple design variables and nonlinear design constraints 

turning their efficient structural design into a challenging computational task. To cope 

efficiently with this task, the use of structural optimization algorithms and methodologies is 

generally required [5-8]. There exists a great number of studies on the numerical structural 

optimization of RC frames subjected to static loads (e.g. [5, 9-11]). Furthermore, there exists 

a significant number of studies addressing the optimum seismic design of RC frames either 

with conventional force-based procedures (e.g. [12-15]) or performance-based methodologies 

(e.g. [16-21]). 

At the same time, experience from previous catastrophic earthquakes has demonstrated the 

need for resilience in seismic design, that is the ability of buildings to absorb earthquakes when 

they occur and to recover quickly afterwards [22]. In resilient seismic design, the concept of 

seismic isolation plays a key role since it disconnects structures from ground shaking reducing 

structural forces and damage [23-25]. Despite the great advances in seismic isolation research 

and the development of robust isolation systems and design procedures, the application of 

seismic isolation solutions in real world applications is still rather limited [26-27]. This is partly 

due to the requirement for special construction solutions not compatible with the present state 

of practice.  

Rocking isolation is a seismic isolation approach, where rocking and uplifting are allowed and 

used to limit seismic forces in structures. These response mechanisms were, most likely, the 

main reasons behind the observed, in previous earthquakes, excellent seismic performance of 

seemingly unstable structural systems, such as free-standing ancient temples, water tanks and 

slender bridge piers [28]. The theoretical background of the dynamic response of rocking 
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structures has been thoroughly investigated in more than 60 years (e.g. [28-32]) and useful 

conclusions have been made regarding the stability of these systems with respect to the 

characteristics of ground motions. 

In literature, two main approaches of rocking isolation are met [33]. In the first approach, 

rocking columns, with or without a tendon, are designed to rock and uplift on rigid foundations 

(e.g. [34-36]). In the second approach, columns are monolithically connected to footings that 

are under-designed so that they rock and uplift on the underlying soil. The latter footings are 

commonly termed “rocking footings” [33,37-38]. A significant advantage of rocking footings 

is that they comply with current construction practice, and they don’t require special 

connections or additional protection measures. Furthermore, rocking footings have high 

resistance against overturning collapse due to their low aspect ratios [33]. 

Several numerical studies have compared the response of RC bridges and buildings resting on 

rocking footings against the conventional design approach, where footings are over-designed 

so that damage is guided to structural members (e.g. [33, 38-42]). It has been found consistently 

that rocking footings offer superior performance in reducing structural damage, preventing 

collapse and eliminating residual deformations thereby increasing seismic resilience. 

Furthermore, there now exists extensive experimental evidence to support the beneficial and 

robust seismic performance of rocking foundations [43]. 

The advantageous seismic performance of structures on rocking foundations inspired 

Anastasopoulos et al. [40] to introduce a new seismic design philosophy that utilises rocking 

foundations to protect the superstructure reversing the conventional seismic design approach. 

Interestingly, the authors, in their rationale for supporting this philosophy, explain that using 

foundations as safety-valves limits accelerations transmitted to the superstructure and this 

could offer economy not only in the foundation but also in the superstructure without 

compromising safety. In the following years, detailed displacement-based [44] and 
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performance-based [45] seismic design methodologies have also been proposed for bridges 

and buildings with rocking foundations. 

In the following, a simple procedure for designing RC frames resting on rocking footings will 

be presented that maximizes seismic resilience and complies fully with current design 

guidelines, such as the Eurocodes. Next, an optimization framework is developed for 

minimizing the environmental impact of these structural systems for improved sustainability. 

The ultimate objective is to compare the minimum environmental footprint of RC frames on 

rocking footings against the conventional design solutions and thereby make useful 

conclusions regarding the sustainability benefits of the novel design approach. A simple but 

realistic 3D RC frame case study is designed parametrically to facilitate these comparisons.  

2 Seismic design methodology 

 
2.1 Conceptual design 
 

In conventional seismic design, RC frames are designed either as dissipative or non-dissipative 

(or low dissipative). The former are able to dissipate energy by means of ductile hysteretic 

behaviour. Foundations of dissipative RC frames are designed on the basis of capacity design 

principles so that they remain undamaged even after the development of potential over-

strengths at the column bases. Superstructures and foundations of non-dissipative RC frames 

are designed elastically.  

In the proposed approach, foundations are under-designed so that they exhibit rocking and 

uplifting response, that acts as mechanical fuse for the seismic forces in the superstructure, and 

the superstructure is designed to remain elastic or with minor damage. Hence, for the purposes 

of structural design of the superstructure, rocking isolation is treated here in a way similar to 

base isolation in existing design codes. More particularly, in the present study, the 

superstructure is designed according to Eurocode 8 (EC8) – Part 1 [46] for base-isolated RC 
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frames. Therein, superstructures of buildings with base isolation must satisfy the Damage 

Limitation (DL) and the Ultimate (ULS) limit states. At the DL limit state, inter-storey drifts 

of buildings should remain below threshold values, based on the type of non-structural 

components, under a frequent earthquake. At the ULS, the isolation mechanism may attain its 

ultimate capacity, while the superstructure remains nearly elastic. This is achieved by 

designing the superstructure according to ductility class low (DCL) for seismic forces 

accounting for the effects of base isolation and divided by a behaviour (force reduction) factor 

not greater than 1.5. Following this approach, there is no need for additional capacity design 

provisions and special detailing rules for local ductility in the superstructure. To account for 

the special characteristics in the response of rocking footings, seismic action effects are 

calculated herein by the use of nonlinear response history analysis (NLRHA) with appropriate 

considerations for both geometric (i.e. foundation uplift and P-delta effects) and material 

nonlinearities in the underlying soil.  

Moreover, for the seismic design methodology to be complete, excessive damage in the 

foundation and underlying soil should be avoided. For example, Anastasopoulos et al. [40] 

observed that mobilization of the bearing capacity of a rocking shallow foundation may lead 

to significant permanent settlements that could undermine resilience of the structure. It is, 

therefore, important that appropriate performance criteria are set for rocking foundations. 

Based on experimental tests, Kutter et al. [37] suggest uplift and residual settlement as the most 

appropriate measures to assess performance of rocking foundations. Clearly, the performance 

criteria of rocking foundations should be compatible with the performance levels and target 

objectives of the superstructure so that the foundation does not compromise the resilience of 

the structure as a whole.  

The proposed approach is readily implementable in current design practice in a manner similar 

to base isolation. Its main advantage is that it maximizes resilience by ensuring elastic response 
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of the superstructure. However, this comes at a price of additional upfront material costs and 

environmental impacts. The alternative is to allow damage in the superstructure by adopting a 

performance-based design framework [45]. The latter approach, however, reduces seismic 

resilience and increases retrofit costs and environmental impacts. Therefore, both approaches 

should remain available for the designers to decide based on preferences, objectives and the 

structure under consideration. 

 

2.2 Design optimization 

The afore-described design approach necessitates a prior knowledge of footing dimensions and 

cross-sections of the RC frames. Then, NLRHA is conducted to calculate seismic action effects 

on the superstructure and the foundation. Next, the superstructure inter-storey drifts should be 

checked against the DL limit state. Furthermore, the RC frame must be designed for low 

ductility to satisfy the ULS. Finally, the performance of the foundations should be examined 

against the corresponding acceptance criteria. 

Therefore, the suggested methodology requires by the designer a pre-selection of footing 

dimensions and RC frames cross-sections based on experience or completely arbitrarily. 

However, this selection by no means guarantees maximum structural and material efficiency. 

This is especially the case if we consider the nonlinear structural behaviour of the RC frames 

resting on rocking footings, which makes their response difficult to predict. Instead, an 

automated structural optimization solution procedure is recommended herein for this design 

problem. The goal of the optimization procedure is to select the best combination of footing 

sizes and cross-sections of the RC frames that will satisfy all safety and serviceability 

requirements and at the same time minimize embodied environmental impact. 

Following this approach, the seismic design of RC frames on rocking footings is set as a single-

objective optimization problem, as below: 
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Minimize: 𝑓(𝒙) 

Subject to: 𝑔!(𝒙) ≤ 0, 𝑗 = 1	𝑡𝑜	𝑚  (1) 

Where:  

𝒙 = (𝑥", 𝑥#, … , 𝑥$) 

𝑥% ∈ 𝑫% = {1, 2, … , 𝑡, … , 𝑘%}	, 𝑖 = 1	𝑡𝑜	𝑑 

 

In Eq. (1), 𝑓(𝒙) is the objective function to be minimized and x is the design variables vector 

consisting of d independent variables xi (i = 1 to d). The variables xi assume values from integer 

sets of values 𝑫% = {1, 2, … , 𝑡, … , 𝑘%}, where t = 1 to ki is the t-th possible integer value of 

design variable xi and ki is the total number of possible integer values of xi. Moreover, the 

design problem is subject to m constraints gj(x) ≤ 0 (j = 1 to m). In the following, the various 

components of the optimization problem of Eq. (1) are discussed in more detail. 

A sizing optimization problem is adopted in this study, where concrete frame geometry, 

material properties and loadings are assumed fixed (i.e. design parameters). Therefore, the 

design variables 𝑥% (i = 1 to d) of the optimization problem represent only cross-sections of 

structural members or sizes of concrete footings. For construction simplicity, structural 

members and footings may be included in groups of the same cross-sections and footing sizes, 

respectively. In this case, design variables represent the common cross-sections or footing 

sizes of the corresponding groups (i.e. one design variable per group). The design variables xi 

take values from integer values sets 𝑫% = {1, 2, … , 𝑡, … , 𝑘%}, reflecting the positions of cross-

sections or footing dimensions in corresponding lists of available cross-sections and footing 

dimensions, and ki is the total number of available cross-sections or footing dimensions in the 

list of xi (i = 1 to d). For simplicity in this study, lists of available square cross-sections are 

assumed for concrete columns and rectangular sections for beams with general configuration 

and steel reinforcement, as shown in Fig. 1.  
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Fig. 1: Cross-sectional characteristics: a) column sections; b) beam sections 

 

For a given design vector 𝒙 (i.e. set of RC frame cross-sections and footing sizes), NLRHA is 

used to calculate internal forces in the superstructure accounting for rocking isolation effects. 

Then, the structural members of the RC frames are designed for strength, to calculate their 

required steel reinforcement, according to the provisions of DC Low in EC8. More 

specifically, concrete beams are designed for major bending to establish the required 

longitudinal reinforcement and major shear with torsion to calculate the required transverse 

reinforcement. Concrete columns are designed for biaxial bending with axial load to calculate 

the required longitudinal reinforcement. Furthermore, the required shear reinforcement is 

calculated in both horizontal directions for the corresponding shear forces. More details 

regarding the calculation of steel reinforcement in the concrete frames can be found in [13-

14]. 

Having established the concrete sections and steel reinforcement, the objective function 𝑓(𝒙)  

is calculated. In the present study, the objective function is set to be the environmental footprint 

of the RC frames and foundations in terms of embodied carbon (kgCO2e). It is emphasized that 

the embodied carbon of other structural components, such as RC slabs, should be considered 

in the total structural carbon of RC buildings. However, the current study focuses solely on 

the environmental impact of the structural systems that are expected to be significantly 

influenced by rocking isolation in the context of seismic design. 
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The embodied carbon is calculated as the sum of contributions of concrete and reinforcing 

steel. The latter includes both the transverse and longitudinal steel reinforcement. More 

particularly, Eq. (2) is used to calculate embodied carbon, where Vc (m3) and ms (kg) is the 

total concrete volume and steel mass, respectively, of the RC frames and foundations and 𝑓&', 

and  𝑓(' are the corresponding embodied carbon coefficients of concrete and reinforcing steel 

materials. The recommendations in Kaethner and Burridge [47], for the typical environmental 

impact scenario, are adopted in this study for the material carbon coefficients. The latter 

coefficients refer to cradle to gate embodied CO2 emissions that address both raw material 

extraction and factory production processes [47].  

 

  𝑓(𝒙) = 𝑉&(𝒙) ∙ 𝑓&' +𝑚((𝒙) ∙ 𝑓('    (2) 

 

For a design solution to be feasible, all design constraints gj(x) ≤ 0 (j = 1 to m) should be 

satisfied. In the problem under consideration, inter-storey drifts for the frequent earthquake 

should remain below the DL Limit state values as specified in EC8-Part 1. Furthermore, the 

performance of footings should be checked against appropriate deformation-based acceptance 

criteria [37]. In both cases, the design constraints can be written in the following form, where 

EDP is the corresponding engineering (deformation) demand parameter and EDPlim is the 

respective threshold value for the Limit State under examination. 

 

  𝐸𝐷𝑃 − 𝐸𝐷𝑃)%*	 ≤ 0    (3) 

 

In addition to the performance constraints, the constraints of the non-dissipative design of the 

superstructure must be considered. A design is not acceptable in this case, when the required 

longitudinal ρl and transverse ρw reinforcement volumetric ratios, in even one of the design 
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cross-sections of the RC frame, exceed their maximum permissible values as specified by the 

design codes and construction practice. The corresponding constraints are written as: 

 

  𝜌) − 𝜌).*,-	 ≤ 0    (4) 

  𝜌. − 𝜌..*,-	 ≤ 0    (5) 

 

Furthermore, to prevent diagonal compression failure, the RC frame cross-sections should 

satisfy the following constraint, where VEd and TEd are the shear force and torsional moment 

demands, respectively, and VRd,max and TRd,max are the corresponding diagonal compression 

capacities for an angle of compression struts θ = 45ο.  

 

  /!"
/#",%&'

+ 0!"
0#",%&'

−1 ≤ 0    (6) 

 

The proposed optimization methodology is summarized in Fig. 2. It is noted that when the 

design constraints are not satisfied then the design solutions are branded as unfeasible, the 

analysis is terminated, and a large “penalty” value is added to their objective function that 

exceeds greatly expected environmental costs. In this context and to reduce computational 

cost, the design constraints are checked gradually to avoid unnecessary and computationally 

expensive structural analysis and design procedures. 

An efficient optimization algorithm (optimizer) is required to solve the afore-described 

optimization problem. The challenge of the optimization algorithm is to identify the global 

optimum solution without getting trapped in local optima and with the minimum possible 

number of numerical iterations. The latter is particularly important in the problem under 

investigation, where the required nonlinear response history analyses increase sharply the 

computational burden. A thorough discussion and comparison of various algorithms in the 

optimum design of RC frames can be found in [13-14]. A mixed-integer Genetic Algorithm 
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(GA) [48-49] is adopted in this study that offers a good combination of search space 

exploration and exploitation capabilities [13-14]. 

 

 

Fig. 2: Optimum seismic design methodology 

 

3 Design implementation 

 
3.1 RC frame design case-study 
 
In this section, a three-storey, symmetric, 3D portal building RC frame is examined with span 

length of 6m and storey height of 3m (Fig. 3). Concrete class C25/30 and reinforcing steel 

class B500C are used following the specifications of Eurocode 2 (EC2) [50]. Due to symmetry, 

one cross-section is used for all corner columns and one cross-section for all the perimeter 

beams of each storey. Therefore, four independent concrete cross-sections are assumed for this 

frame (i.e. d = 4 in Eq. 1). Based on a preliminary analysis, a list of six available rectangular 
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cross-sections is considered for concrete beams and of eleven square cross-sections for 

concrete columns, as shown in Table 1. Following these considerations, the size of the search 

space for the optimization problem of Eq. (1) is 11·63 = 2376 possible RC frame cross-section 

configurations.  All cross-sections are assumed to have the general forms of Fig. 1. 

Furthermore, concrete cover to the centroid of the longitudinal steel bars is taken as 50mm.  

 
Table 1: Lists of available frame cross-sections 

RC beams sections 

bb x hb 

(0.25x0.25; 0.25x0.30; 0.25x0.35; 0.25x0.40; 0.25x0.45; 0.25x0.50) 

RC columns sections 

hc x hc 

(0.25x0.25; 0.30x0.30; 0.35x0.35; 0.40x0.40; 0.45x0.45; 0.50x0.50; 0.55x0.55; 

0.60x0.60; 0.65x0.65; 0.70x0.70; 0.75x0.75) 

 

The concrete building is designed to withstand static and seismic loads. For static loads, the 

building is designed in accordance with EC2. Slab dead loads are taken as 8.25 kN/m2 

(inclusive of self-weight) for all storeys apart from the top storey where they become 10.25 

kN/m2 because of the existence of a roof garden.  Slab live loads are 5kN/m2 for all storeys. 

Moreover, the concrete building is designed against earthquake loads following EC8 and in 

accordance with the methodology described in the previous sections. The building is in a high 

seismicity region and therefore the EC8 Type 1 response spectrum is considered to represent 

seismic action. The design acceleration on rock ag is taken equal to 0.56g, that is the product 

of a reference peak ground acceleration agR = 0.40g by the importance factor γI = 1.40, assumed 

here because the integrity of this building is of vital importance for civil protection. The 

behaviour factor q is taken equal to unity for fully elastic response of the superstructure. 

Furthermore, to satisfy the damage limitation (DL) prescriptions of EC8, it is specified that 

inter-storey drifts should remain below 1% for the frequent earthquake. The latter threshold 

assumes non-structural elements fixed in a way that they do not interfere with structural 

deformations. The frequent earthquake is assumed to have a design ground acceleration that 

is equal to 40% of the reference seismic action. The building rests on gravel having NSPT value 
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over 50. Modulus of subgrade reaction ksv (kN/m3) is 105 and yield strength of the underlying 

soil is 6 MPa. For the purposes of seismic design, this soil is classified as Ground Type B in 

EC8.  

Seismic actions are represented by artificial accelerograms generated to match the elastic 

response spectrum of EC8 for the input given above. The motions were generated from real 

accelerograms recorded on soil type B following spectral matching in the time domain as 

implemented in [51]. More particularly, three pairs of horizontal ground motion records were 

considered. The most onerous results, of the three ground motions pairs, are used in the final 

designs following the requirements of EC8. Fig. 4 shows the spectra of all six artificial ground 

motion records together with the smooth EC8 spectrum represented by the thick and 

continuous black line. All spectra in Fig. 4 are normalized to ag·S, where S is the soil 

amplification factor taken as 1.2 for Soil B in EC8.  

 

 

Fig. 3: RC frame case-study  

 

From a preliminary response spectrum analysis of the RC frame assumed fixed at the base, it 

is found that to conventionally limit eccentricity below one third of the footing dimension, the 

sizes of the isolated footings should be so large that practically a foundation slab solution is 
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required. Instead, the use of square rocking footings is adopted herein with width of 2m. A 

parametric study later also reveals the effect of various footing sizes on the optimal design of 

the RC frame. It is also noted that, for all the footing sizes considered, no yielding of the 

underlying soil was detected and therefore the performance of the footings does not 

compromise the design of the RC frames.  

In the present study, soil-structure interaction is modelled by a 2D mesh of distributed and 

independent, compression-only (i.e. zero stiffness in tension), soil springs (i.e. Winkler 

model), as shown in Fig. 5. This approach directly considers foundation uplift and accounts 

explicitly for the interaction between axial load and biaxial bending moment capacity of the 

rocking footings. It is interesting to note that, for a number of simplifying assumptions (i.e. 

uniaxial and monotonic loading, constant vertical load, small deformations, rigid footings and 

linear elastic soil response), the afore-described modelling approach yields Eq. (7) relating the 

bending moment Mf and the corresponding rotation θf at the base of the footing before 

foundation uplift and Eq. (8) for the response after foundation uplift. The latter initiates at 

𝑀1 	=
2(3(
4

.  

  𝑀1 	=
5)*6(3(

+

"#
𝜃1  (7) 

  𝑀1 = 𝑁1 ∙ E
3(
#
− "

7F
#2(

5)*∙6(∙9(
G  (8) 

 

In these equations, Lf is the footing dimension in the plane of Mf, Bf is the footing dimension 

out of the plane of Mf and Nf is the vertical load at the base of the footing. Eqs (7-8) are useful 

for understanding the controlling parameters in the response of rocking footings before and 

after foundation uplift. However, they cannot reliably replace the 2D mesh of springs used 

herein in the realistic seismic analysis of RC frames resting on rocking footings.  
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 Fig. 4: Response spectra 

 

Static and seismic (NLRHA) structural analyses were conducted with the aid of computer 

software SAP2000 [52]. A direct integration of the equation of motion numerical procedure 

was followed using Newmark’s method with gamma = 0.5 and beta = 0.25 (i.e. average 

acceleration method). Direct integration is sensitive to the size of the time step. Following a 

preliminary analysis, a NLRHA time step of 0.005s was found adequate for the purposes of 

this study. The modified Newton-Raphson method is used to account for the nonlinearities 

stemming from foundation uplift and P-delta effects. Flexural stiffness of the concrete 

structural members is reduced to 50% of the uncracked, following the recommendations of 

EC8. Furthermore, P-delta effects were duly taken into account in all seismic analyses. 

Structural design of the RC frame, for the calculation of required steel reinforcement and 

design constraints according to the Eurocodes, is also conducted with the aid of SAP2000 for 

the static load combination 1.35G+1.5Q and the seismic load combination G+0.3Q±E, where 

G, Q and E represent permanent, live and earthquake actions respectively. A MATLAB [53] 

application developed by the author, namely STROLAB [13], interacts with SAP2000, via its 

API, for the purposes of structural optimization. 

For simplicity in the calculation of the objective function, it is assumed that the provided steel 

reinforcement areas match the required ones, as calculated by SAP2000. Furthermore, only 
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the environmental impact of the RC frame is considered in the calculations so that the study 

focuses on the benefits of rocking footings to the superstructure. However, the rather obvious 

reduction, with respect to conventional foundation design, of foundation’s environmental 

footprint with the adoption of rocking footings should also be accounted when selecting the 

most appropriate design approach. In the calculations of environmental footprint, the 

embodied carbon coefficient used for concrete is 𝑓&' = 228	𝑘𝑔𝐶𝑂#𝑒/𝑚7  and for reinforcing 

steel 𝑓(' = 0.87𝑘𝑔𝐶𝑂#𝑒/𝑘𝑔,  respectively [47]. In the following, the RC frame is optimally 

designed either as fixed at the base or with rocking footings to compare the conventional and 

suggested seismic design approaches. 

 

 
Fig. 5: Modelling of rocking footings 

 

3.2 Optimization analysis 
 
 
The optimization analysis assumed in this study requires the use of a numerical optimization 

algorithm to track the design solutions that minimize environmental footprint of RC frames. 

Exhaustive search (ES) is such an algorithm that examines all possible combinations of design 

variables and tracks the one with minimum cost. ES requires high computational costs, but it 
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guarantees tracking of the global optimum solution. In the specific case-study, ES requires all 

2376 possible RC frame cross-sectional configurations to be designed following a number of 

nonlinear response history analyses for each configuration. This was judged not practical for 

the purposes of this study that will examine parametrically several optimal designs of the RC 

frame. 

Following the previous considerations, a mixed-integer GA is used herein that combines well 

global and local search capabilities. However, the GA, and all evolutionary optimization 

algorithms, are not guaranteed to track global optima. Hence, to validate the efficiency of the 

GA in the problem under investigation, an ES analysis is first conducted for the designs of the 

RC frame assuming only one set of ground motions (i.e. for reduced computational cost). Fig. 

6a presents the embodied carbon of all ES design solutions (ranging from 1 to 2376), for one 

set of horizontal ground motions, assuming the frame either as fixed or with rocking footings. 

Only feasible design solutions are shown. Generally, in this figure, as the solution number 

increases the size of RC frame cross-sections increases. It is seen that the embodied carbon of 

the designs with rocking footings is significantly lower (i.e. in the order of 20%) than the 

carbon of the fixed frames for the same design solutions (i.e. same RC frame cross-sections). 

This is a clear indication of the rocking isolation effect that reduces seismic actions effects in 

the frame and thereby steel reinforcement requirements. Importantly, this rocking isolation 

effect seems to work for all RC frame cross-sections combinations, which shows its robustness 

in mitigating seismic action effects. It is also noted that the number of feasible solutions greatly 

increases in the case of rocking foundations. This is again justified by the reduced action 

effects that make designs with smaller cross-sections to satisfy all design constraints. As a 

result, the minimum embodied carbon of all design solutions is 6316 kgCO2e for the frame on 

rocking footings as opposed to 9620 kgCO2e for the fixed frame (i.e. 34% reduction) 

Fig. 6b, demonstrates the relationship between total concrete volume Vc versus total 

reinforcing steel mass ms for the same feasible ES solutions. The Pareto fronts of these 
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solutions are also presented. It is clear that the designs of the fixed frame require significantly 

more steel reinforcement for the same concrete volume of the rocking frame. It is also evident 

that design solutions with significantly less concrete are feasible when rocking footings are 

used. 

 
 

Fig. 6: Exhaustive analysis results for one set of ground motions 

 

To investigate the validity of the GA algorithm, 10 independent GA runs are conducted for the 

fixed and rocking frame with the same assumptions as the previous ES. It is found that, in all 

cases, the GA returns the same optimum solutions within 300 evaluations (i.e. trial design 

solutions), as shown in the two example runs in Fig. 7. In this figure, the markers represent the 

carbon of the current evaluations and the solid lines the current best design solutions with the 

number of function evaluations. Therefore, the GA algorithm is used for the optimum designs 

in the rest of this study with 300 function evaluations (i.e. almost 8 times fewer than ES). 
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Fig. 7: Example GA run histories used for algorithm validation 

 

3.3 Optimal design solutions 
 

With the GA settings of the previous section, the RC frames are designed optimally considering 

the worst results of all three pairs of ground motions, as required by EC8. Fig. 8a, shows the 

GA convergence histories and Fig. 8b the obtained minimum embodied carbon for the fixed 

and rocking frame, which are 11599 kgCO2e and 6994 kgCO2e respectively. Therefore, a 40% 

reduction in the embodied carbon was achieved by the use of rocking footings with respect to 

the conventional design. The values reported here are slightly larger than the ones discussed in 

§3.2 since three ground motion pairs are applied instead of one. The sections of the optimal 

design solutions are given in Table 2. It is evident that the two optimal frames have very 

different cross-sections with the fixed frame requiring significantly larger concrete sections. 

This is better illustrated in Fig. 9 comparing the 3D geometries of the two frames with concrete 

sections presented in the same scale. 

 

Table 2: Optimal design solutions cross-sections 
RC frame group of members Optimal cross-section 

 Frame on Rocking Footings Fixed Frame 

Corner Columns 0.50X0.50 0.75X0.75 

Beams 1st floor 0.25x0.30 0.25x0.50 

Beams 2nd floor 0.25x0.35 0.25x0.30 

Beams 3rd floor 0.25x0.30 0.25x0.30 
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Fig. 8: Optimal design solutions: a) GA runs; b) minimum embodied carbon 

 
 
 

  
 

Fig. 9: Optimal design solutions: a) Fixed frame; b) frame on rocking footings 

 
Furthermore, Fig. 10 presents the deflection responses, at the instance of maximum deflection 

in one horizontal direction for one pair of ground motions, of the two optimal RC frames. From 

the displacement contour plot in Fig. 10b, it is evident that footings uplift in more than half of 

their area, which proves the extent of rocking response. It is also clear that the rocking response 

is generating significant rotations at the column bases as opposed to the fixed frame. 

Furthermore, Fig. 11 demonstrates the detailed responses of the optimal RC frames in one 

horizontal direction and for one pair of ground motions. More specifically, Fig. 11a compares 

the top displacement responses of the optimal fixed frame and the optimal frame with rocking 

isolation. It is important to remember here that these frames have different cross-sections, as 
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shown in Table 2. It is evident that displacements are significantly higher in the frame with 

rocking footings (0.17m instead of 0.09m), but still not prohibitive. It is also apparent that the 

rocking frame is more flexible than the fixed one. This is due to both the rocking response and 

the fact that smaller cross-sections are required for the rocking frame. The increase in lateral 

displacements and flexibility due to rocking response should always be treated with concern 

as it could cause significant non-structural damages and overturning collapse. Hence, it is 

important that lateral displacements are appropriately controlled (see Eq. 3) and nonlinear P-

delta effects are duly taken into account in seismic analysis. Figure 11b, presenting the base-

shear response of the RC frames, demonstrates that the maximum base shear drops by almost 

60%, from 1182kN to 478kN, with the use of rocking foundations. This significant reduction 

is due to a virtuous circle effect in the optimum design with rocking footings. First, rocking 

isolation restricts transmission of seismic forces to the superstructure. Second, the reduced 

seismic action effects in the superstructure lead to smaller cross-sections for the optimal RC 

frame. The latter increases the period of vibration and reduces the elastic base shear in the 

frame for flexible systems, as shown in Fig. 4. For the two RC frames of Table 2, for example, 

the fundamental period of vibration increases from 0.55s, for the optimal fixed frame, to 0.95s 

for the optimal frame on rocking footings. In addition, for the RC frames on rocking footings, 

foundation uplift leads to softening of the seismic response driving to further reductions in 

seismic demands. Figure 11c shows the base-shear versus top displacement responses of the 

two RC frames. This figure clearly shows the isolation effect of rocking footings. It is seen that 

the rocking frame develops a “yield-like” response with a maximum base shear restricted by 

the moment capacity of the rocking footings. 
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Fig. 10: Deflections at maximum response in one direction of the optimal: a) fixed frame; b) 

frame on rocking footings 
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Fig. 11: Seismic responses of RC frames shown in Table 2: a) top displacement time-histories; 
b) base-shear time histories; c) top displacement versus base-shear; d) vertical displacement 
response at the corner of a rocking footing; e) rotation response at the base of a column resting 
on rocking footings; f) moment versus rotation response at the base of a column resting on 
rocking footings 
 

Figure 11d presents the vertical displacement time-history of a rocking footing corner point. 

It is seen that the footing uplifts significantly, up to 0.04m, whereas the maximum settlement 

is only 0.01m. Furthermore, Fig. 11e shows the rotation response at the base of a column due 

to rocking of the footing below. It is found that the footing develops significant rotations up 

to approximately 0.018 rad. Considering that the total building height is 9m and that the 

maximum displacement at the top (see Fig. 11a) is 0.17m, it is concluded that rocking fully 

dominates the maximum lateral response of the frame. Finally, Fig. 11f presents the base 

moment versus base rotation of the same column as Fig. 11e. The “yielding-like” behavior due 

to rocking isolation is again evident. 

 

3.4 Parametric optimum designs 
 
 
To generalize the conclusions of the previous section, an extensive parametric study is 

conducted herein to investigate the effects of various design parameters such as the peak 

ground acceleration, characteristics of ground motions, modulus of subgrade reaction and the 

size of rocking footings on the optimal design of the RC frame. 
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3.4.1 The design agR 
 
In this section, the RC frames of §3.1 are optimally designed for reference ground 

accelerations agR = 0.20g and 0.30g in addition to the designs for agR = 0.40g of the previous 

section. Fig. 12 presents the minimum embodied carbon obtained of the fixed and rocking 

frames as a function of the design agR. As expected, all environmental costs increase with agR. 

It is also important to note that the frames on rocking footings produced always less CO2 than 

the fixed ones. However, the difference between the two designs is rather small for low agR 

values (i.e.  agR = 0.20g) and becomes more important as the design agR increases. This is 

clearly due to the isolation effect of rocking footings limiting the seismic actions transmitted 

to the superstructure. This essentially means that the environmental savings due to rocking 

footings become more pronounced in regions of high seismicity. This conclusion is significant 

considering that the environmental footprint of seismic design is more important in these 

regions. 

 
Fig. 12: Minimum embodied carbon of RC frames as a function of agR 

 
 
3.4.2 Ground motions characteristics 
 

In this section, the sensitivity of the environmental impact to the characteristics of the input 

ground motions is investigated. More particularly, the RC frames of §3.1 are optimally 
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designed for the worst results out of the 3 pairs of ground motions in accordance with EC8 

recommendations. Fig. 13 uses box plots showing the minimum, maximum and median (red 

line) environmental footprint. Inside the boxes, the 25th to 75th percentiles are contained. 

It is observed that in all cases, as expected, the minimum environmental footprint of the fixed 

frames is significantly higher than the frames on rocking footings. What is more interesting to 

note here is the fact that the variation of minimum embodied carbon is smaller in the case of 

rocking footings with respect to conventional designs. The latter shows that rocking footings 

not only reduce the environmental impact of RC frames, but they also do so in a more robust 

(i.e. less sensitive) way to the characteristics of ground motions. 

 

 
Fig. 13: Minimum embodied carbon of RC frames for different pairs of ground motions 

 
 
3.4.3 Modulus of subgrade reaction 
 
 
When designing with rocking footings, soil properties and modelling play an important role. 

In the previous, a modulus of subgrade reaction of ksv = 105 (kN/m3) was assumed. It is true 

that this soil property may be characterised by significant uncertainty. To investigate the 

influence of ksv uncertainty on the optimal design of RC frames, a parametric study is 

conducted herein, where three significantly different values of ksv are assumed (i.e. ksv = 

0.5·105, 105 and 1.5·105 kN/m3) in the optimal design of the RC frames described in §3.1.  
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Fig. 14: Minimum embodied carbon of RC frames for different values of subgrade reaction 
modulus 

 
Fig. 14 shows the obtained minimum environmental impacts of the fixed frame versus the 

frames on rocking footings for the three ksv values. It is found that the minimum environmental 

footprint is rather insensitive to the adopted ksv value for the rocking footings, within the 

examined range. This is important as it shows that the environmental savings, due to rocking 

isolation, in the optimal design of RC frames can be robust against soil uncertainties. 

 
 
3.4.4 The footing size 
 
In section §3.1, square footings of 2m width were selected for the rocking footings. This 

selection led to a dominating rocking behavior for the RC frame and significant embodied 

carbon reductions whilst satisfying damage limitation in the superstructure and performance 

constraints of the foundations (i.e. no soil yielding was detected). It is more appropriate, 

however, that the selection of footing sizes is part of the optimization solution, as shown in 

Fig. 2, with the aim to minimize the combined environmental footprint of the foundation and 

the superstructure.  

 

0.5 1.0 1.5 fixed

Subgrade reaction modulus (105 kN/m3)

2000

4000

6000

8000

10000

12000

C
O

2 (k
g)

6915.14 6993.62 6967.22

11599



27 

 
Fig. 15: Minimum embodied carbon of RC frames for different rocking footing sizes 

 

In this section, to investigate the effect of footing size, the RC frame of §3.1 is designed 

assuming three different square footing sizes of 2m, 3m and 4m width. Figure 15 presents the 

obtained minimum embodied carbon for the fixed frame and the frames on rocking footings 

with different sizes. It is evident that the carbon footprint of the optimally designed RC frames 

is significantly and consistently reducing as the footing size decreases. This is explained by 

the fact that as the footing size reduces the moment capacity of the footing also decreases 

limiting the maximum seismic action effects transmitted to the superstructure. Therefore, as 

long as damage limitation in the superstructure and performance requirements in the 

foundation are satisfied, reduced footing sizes lead to reduced footprints of the superstructure. 
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Fig. 16: Minimum embodied carbon of RC frames for different values of subgrade reaction 

modulus 
 

Figure 16 compares seismic responses of the optimally designed RC frames with different 

footing sizes. Consistent findings are observed. More specifically, as the footing size increases 

maximum displacement decreases and base-shear force increases since RC frames become 

more and more fixed. This is also evident in Fig. 16c, where maximum footing rotations 

decrease from 0.018rad to 0.01rad as the footing width increases from 2m to 4m. Interestingly, 

maximum uplifts at the footing corners remain approximately the same for all footing sizes, as 

shown in Fig. 16d, since they represent products of footing rotations by footing dimensions. 

The vertical settlement is slightly decreased as the footing size increases. 
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the built environment. Furthermore, modern societies demand resilient structural systems to 

recover quickly after catastrophic events. In this context, the environmentally friendly and 
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frames on rocking footings, with respect to conventional designs, has been extensively 

demonstrated by numerical studies and evidenced by experimental tests.  

In this study, for first time, rocking isolation on spread footings is used to optimally design 

new RC frames for increased seismic resilience and reduced environmental footprint. To serve 

this goal, a simple seismic design methodology is suggested that accounts for the nonlinear 

isolation effect of rocking footings and ensures limited damage in the superstructure in addition 

to satisfactory foundation performance. The design methodology is complemented by a 

numerical optimization procedure aiming to minimize the embodied carbon of RC frames. 

The proposed methodology is applied to a simple, yet realistic, 3D RC building frame of vital 

importance for civil protection that is located in a region of high seismicity. The RC frame is 

optimally designed, for minimum environmental impact, assuming rocking footings and fixed 

supports. It is found that the minimum possible environmental impact of RC frames on rocking 

footings is 40% smaller than the minimum possible footprint of conventional RC frames. It is 

also interesting to note that the optimal design with rocking foundations leads to significantly 

smaller RC frame cross sections that they wouldn’t be feasible in conventional design. Even if 

the same cross-sections are used for the fixed and the rocking frame, a 20% reduction in the 

embodied carbon can be achieved by rocking footings due to the reduced requirements for steel 

reinforcement. 

Furthermore, an extensive parametric study reveals the influence of various design parameters 

on the benefits of the seismic design of RC frames with rocking isolation on spread footings. 

It is found that the reduction of embodied carbon with rocking footings becomes more 

pronounced as the level of seismic hazard increases. Moreover, it is found that there is a 

consistent trend between reducing the size of rocking footings and saving embodied carbon in 

the superstructure as long as the damage limitation and foundation performance requirements 

are met. Finally, it seems that the environmental benefits of rocking footings are rather 

insensitive to the characteristics of ground motions and the uncertainties of soil properties. 
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