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ABSTRACT 

In the seismic evaluation and risk assessment of existing as well as proposed multistoried 

buildings, the strength reduction factor had an important role, especially in highly seismic area. 

The strength reduction in multi storied buildings will be determined by the difference between 

the ultimate shear force at the tip of the foundation and the seismic force at the bottom. SRF 

were not well defined by various authors and contribute in different way without uniformity 

among various researchers. It is also noticed that researchers are sticking on their own definitions 

to verify their results in the academic world. The typical values given in codes of developed 

countries can
,
t be applied to developing countries irrespective of ground motion, site conditions, 

ductility demand etc. The various codes provide values for strength reduction factor depending 

on type of structure, namely moment resisting frames with or without shear wall/ load bearing, 

steel, Rcc/Masonry structure. More over it is further to be noted that the structural engineers 

presumes that the foundations are rigid and heavy whereas geotechnical engineers in vice versa. 

International codes ATC, FEMA,UBC,IBC and Current codes {IS1893(PART1&2)} etc 

emphasize the need for evaluating SSI if the structure is resting on other than rocky or rock like 

material having SPT -N value less than 50. In this paper, the need for seismic assessment, 

performance evaluation and hazard mitigation using SRF along with inconsistencies of structural 

and geotechnical engineers are discussed. It is worthwhile to notice that India is not yet having 

any codes on response reduction factor for SSI. However the forensic geotechnical engineering 

principles can be wisely utilized for evaluation, testing and control of technical and legal aspects 

of seismic assessment and Damage analysis of multistoried buildings. 

KEY WORDS: Seismic Evaluation, Multistoried Buildings, Strength Reduction Factor (SRF), 

International Codes, Soil Structure Interaction 

INTRODUCTION 

Current seismic provisions allow nonlinear response of building structures in the event of strong 

ground motions due to economic factors. As a matter of such a design approach, strength 

reduction factor (Rμ) which is the ratio of elastic base shear to the one required for a target 
ductility level are used in seismic design codes. Most of the seismic design codes currently 

applied in structural design do not take into consideration the soil structure phenomenon. It has 

been known for many years that soil structure interaction affects the elastic strength demand of 
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structures because of the longer period and higher damping ratio of interacting system compared 

to the fixed base case. However, soil structure interaction effects on inelastic displacement ratios 

and strength reduction factors ,especially for multi storey structures  have not been the topic of 

comprehensive researches, yet. Strength reduction factors have been the topic of several 

investigations so far. The first well known studies on strength reduction factors were conducted 

by Veletsos and Newmark and Newmark and Hall. They proposed formulas for strength 

reduction factors as functions of structural period and displacement ductility to be used in the 

short-, medium- and long period regions. Alternative formulas were proposed by Lai and Biggs 

and Riddell et al. The first study that considered the effects of soil conditions on the strength 

reduction factors was conducted by Elghadamsi and Mohraz . Another study which considered 

the site effects on the strength reduction factors was conducted by Nassar and Krawinkler, also 

considering the effects of yield level, strain hardening ratio and the type of inelastic material 

behavior.  More recently, Miranda  studied the influence of local site conditions on strength 

reduction factors, using a group of 124 ground motions classified into three groups as; ground 

motions recorded on rock, alluvium and very soft soil. During last decade, soil-structure 

interaction effects on strength reduction factors have been the topic. Many earthquake prone 

countries in the world have significant amount of existing deficient buildings to be evaluated for 

seismic actions. Although nonlinear methods are more preferable for assessment of existing 

buildings, most of the practicing engineers are unfamiliar to these methods. Therefore, linear 

methods seem to be in use in the near future for assessment of great number of deficient existing 

buildings in a reasonable time. In linear methods, nonlinear behavior is taken into account by a 

single parameter: strength reduction factor (R). 

 

 

 

 
 

Figure 1: Averaging effect (Left), Decreasing motion amplitude with depth (centre), Wave 

scattering at the corners (right) 

 

SOIL-STRUCTURE MODEL  
 

The soil-foundation element is modeled by an equivalent linear discrete model based on the cone 

model with frequency-dependent coefficients and equivalent linear elastic properties (Wolf, 

1994). Cone model based on the one-dimensional wave propagation theory represents circular 

rigid foundation with mass and area moment of inertia resting on a homogeneous half-space. The 

simplified cone model can be used with sufficient accuracy in engineering practice (Wolf, 1994). 

A typical MDOF soil-structure system and the corresponding E-SDOF system are shown in Fig. 

2.The sway and rocking DOFs are defined for translational and rotational motions of the 



foundation, while the vertical and torsion movement of the foundation are neglected. The 

stiffness and energy dissipation of the supporting soil are modeled by springs and dashpot, 

respectively.Soil material damping is assumed as commonly used viscous damping so that more 

intricacies in time-domain analysis are avoided. All coefficients of springs and dashpots for sway 

and rocking motions used to define the soil-foundation model in Fig. 2  

 

      Fig.2a          

 

                                   Fig. 2b    

Figure 2: Soil-structure models for sway and rocking motions (a) E-SDOF system (b) 

Typical MDOF system 

 

TERMINOLOGY: In design codes the considered seismic force used to dimensioning the 

structural elements is multiplied by several coefficients, in order to simplify the design process. 

One of them is the reduction factor. In the following are presented different ways to evaluate the 

values for the behavior factor in some seismic design codes. The behavior factor of the response 



is computed as a product of three factors. Where RS is the strength reduction factor, Rμ- the 

ductility reduction factor,  Rξ − the damping reduction factor. In the ATC-19 meeting from 1995 

the damping reduction factor was not taken into consideration being replaced by the redundancy 

reduction factor, RR  The values of the strength reduction factor are determined by 

 

a) the strength characteristics of the materials; 

b) the use of the response spectrum in the seismic computations; 

c) column design to the seismic action on two directions; along one is applied 100% of the 

seismic force, and along the orthogonal  one only 30% of the seismic force 

Table 1 

The Strength Reduction Factor for Reinforced Concrete Structures 

Structural type                                                          RS 

Rc structures medium and high in elevation         1.6…4.6 

Rc  structures with irregularities in elevation        2.0…3.0 

The strength reduction factor RS, is computed as the difference between the seismic force at the 

bottom Vb, and the ultimate shear force at the bottom Vu. The values of this factor, depending on 

the height of the structure, are presented in Table 1 

 

 

 

Fig 3 structural engineer’s point of view               Fig 4 Geotechnical engineer
,
s point of view 

 

BEARING CAPACITY FOR SHALLOW FOUNDATIONS 

 

Once the forces transmitted to the soil by the foundation are determined, the design engineer 

must check that these forces can be safely supported: the foundation must not experience a 

bearing capacity failure nor excessive permanent displacements. At this point a major difference 

appears between static, permanently acting loads, and seismic loads. In the first instance 



excessive loads generate a general foundation failure whereas seismic loads, which by nature 

vary in time, may induce only permanent irrecoverable displacements. Failure can therefore no 

longer be defined as a situation in which the safety factor becomes less than unity; it must rather 

be defined with reference to excessive permanent displacements which impede the proper 

functioning of the structure. Although this definition seems rather simple and the methodology 

has been successfully applied to dam engineering (Newmark, 1965), its implementation in a code 

format is far from an easy task. One of the difficulties is to define what are acceptable 

displacements of the structure in relation to the required performance. Another difficulty 

obviously lies in the uncertainty linked to the estimation of permanent displacements. 

 

FUNDAMENTAL REQUIREMENT OF CODE APPROACHES 

 

As an example of code documentation Eurocode 8 states that "The stability against seismic 

bearing capacity failure taking into account load inclination and eccentricity arising from the 

inertia forces of the structure as well as the possible effects of the inertia forces in the supporting 

soil itself can be checked with the general expression and criteria provided in annex F. The rise 

of pore water pressure under cyclic loading should be considered either in the form of undrained 

strength or as pore pressure in effective stress analysis. For important structures, non linear soil 

behavior should be considered in determining possible permanent deformation during 

earthquakes."More specifically, in most seismic codes the design engineer is required to check 

the following general inequality :  

 

               Sd  Rd (1) where Sd is the seismic design action and Rd the system design resistance.  

 

The design action represents the set of forces acting on the foundations. For the bearing 

capacity problem, they are composed of the normal force Nsd , shear force Vsd , overturning 

moment Msd and soil inertia forces F developed in the soil. The actions Nsd, Vsd, and Msd arise 

from the inertial soil-structure interaction. The inertia force, F = ρa (ρ mass density, a 
acceleration), arises from the site response analysis and kinematic interaction. The term design 

action is used to reflect that these forces must take into account the actual forces transmitted to 

the foundation i.e. including any behavior and over-strength factors used in inelastic design. The 

design resistance represents the bearing capacity of the foundation; it is a function of the soil 

strength, soil-foundation interface strength and system geometry (for instance foundation width 

and length). Obviously, inequality ) must include some safety factors. One way is to introduce 

partial safety factors, as in Eurocode 8. This is not the only possibility and some other codes, like 

the New Zealand one, choose the Load and Resistance Factored Method (LRFD) and factor the 

loads and resistance (Pender,1999). The Eurocode approach is preferred because it gives more 

insight in the philosophy of safety; on the other hand it requires more experimental data and 

numerical analyses to calibrate the partial safety factors. With the introduction of partial safety 

factors inequality  is modified as follows: 

 

                                     Sd(νf,actions) RdStrength parameters, Geometry) 

                                                              νrd                 νm 

where "actions" represent the design action and "strength" the material strength (soil cohesion 

and /or friction angle, soil-foundation friction coefficient); νF is the load factor applied to the 
design action: νF is larger than one for unfavorable actions and smaller than 1.0 for favorable 



ones; νm is the material safety factor used to reflect the variability and uncertainty in the 

determination of the soil strength. In Eurocode 8, the following values are used: 1.4 on the 

undrained shear strength and cohesion and 1.25 on the tangent of the soil friction angle or 

interface friction coefficient; νRd is a model factor. It acts like the inverse of a strength reduction 
factor applied to the resistance in an LRFD code. This factor reflects the fact, that to evaluate the 

system resistance some approximations must be made: a theoretical framework must be 

developed to compute the resistance and like any model it involves simplifications, and 

assumptions which deviate from reality. It will be seen later on that the model factor is essential 

and can be used with benefit to differentiate a static problem from a seismic one. 

 

INCONSISTENCIES BETWEEN GEOTECHNICAL & STRUCTURAL ENGINEERS  
 

Clear lines of communication between geotechnical and structural consultants is a key 

component of a successful foundation design. Poor communication can lead to 

misunderstandings and poor design outcomes i.e. overly conservative foundation designs, or 

worse, unsatisfactory foundation performance. Often it is found that geotechnical and structural 

engineers have different performance objectives in mind, or simply do not clearly understand 

what each discipline contributes or is able to contribute to the design process, or what actually 

matters for design. A common source of misunderstanding between geotechnical and structural 

consultants is the differing terminology used to describe design parameters. Table 2 illustrates 

some common examples.   
 

Another example of potentially misleading terms is present in B1/VM4 where Section 3.3.2 

(entitled „Ultimate bearing strength‟) covers the topic of bearing capacity. Although the units of both are 

pressure (force/area), the strength and capacity of a soil mass are very different properties that should not 

be confused. Furthermore, there is more than one type of strength that can be determined for a soil sample 

and there are several different capacity definitions e.g. gross, net, total, effective, ultimate, safe, 

allowable, and presumed. In some cases the differing terminologies are easy to translate; in other 

situations it can be less clear. The authors know of more than one occasion when a structural engineer has 

inadvertently used the ultimate geotechnical capacity to size a foundation element. There is a clear need 

to develop a common set of terms that can be used by both structural and geotechnical consultants to 

design foundation systems. This could be included in future Building Code compliance document 

revisions or as a Technical Memo. A course could be run to cover these issues to provide important 

Continuing Professional Development.  

 

CAPACITY DESIGN  

 

Another aspect of building design that is not well understood by all parties is application of over 

strength design actions associated with “capacity” design. Capacity design is a design process 
whereby distinct elements of a structural system are chosen, and suitably designed and detailed 

for energy dissipation during a major earthquake. All other structural elements are then protected 

against actions that could cause failure. This is done by providing those elements with a greater 

strength than that corresponding to the development of the energy dissipating mechanisms 

selected for the building (Paulay & Priestley 1992). When capacity design principles are used, 

the over strength design actions on foundation elements, Ro, can be calculated as: 

                                           

 

                                                               Ro =  ǾoRu 



 

Table 2 
 

Terminology used to describe 

common design parameters 

NZS 1170 Terminology 

Common alternative wording 

or interpretations of the 

NZS1170 terms 

 

ULS design action, Rν 

 

Fully factored loads, ultimate 

design loads 

  

 

Nominal capacity (5th 

percentile), Rn 

 

Unfactored capacity, ultimate 

capacity, ultimate strength, 

ultimate geotechnical capacity 

  

 

ULS design capacity, νRn 

 

Design capacity, allowable 

ultimate capacity, geotechnical 

limit state design strength, 

allowable capacity 

  

Over strength design action, 

Ro 

Over strength load 

Strength reduction factor, R νSFR, Factor of safety 

SLS design action, Rs Un factored loads, SLS design 

load 

 

where Ro = over strength factor and Ru = ULS design action. For a simple cantilever reinforced 

concrete shear structure the over strength factor, Ro, for used for the foundation design is 

calculated as:  

                                                         Ǿo  =  Ǿ(o,fy)Mn/Mu 

 

where Ro,fy = material over strength factor which accounts for the difference between the 5th 

percentile material strengths and the “maximum-feasible” strengths which are higher due to 
strain hardening and other related factors (refer NZS 3101); Mn = the nominal flexural capacity 

of the wall calculated using 5th percentile strengths; and Mu = ULS design bending moment for 

the element. For conventional reinforced concrete walls with G300 reinforcing steel Ro,fy = 

1.25. In typical design situations Ro typically lies in a range of between 1.5 to 2.5. It is worth 

noting that the material over strength factors, Ro, fy, used by structural engineers have been 

determined by means of a statistical analysis. This means that in practice, like other ULS design 

load cases (i.e. wind), foundation systems may experience loads that are greater than that 

determined using capacity design. Following submissions to, and reporting by, the Canterbury 

Earthquake Royal Commission, SESOC is developing structural design guidance including 

advice and recommendations on foundation design, including, for example, that designers should 

no longer use the higher strength reduction factors permitted in B1/VM4 for load combinations 

involving earthquake over strength design action 



 

PERFORMANCE EVALUATION 
 

Performance evaluation of the investigated buildings is conducted using recently published 

Turkish Earthquake Code (2006). Three levels, Immediate Occupancy (IO), Life Safety (LS), 

and Collapse Prevention (CP) are considered as specified in this code and several other 

international guidelines such as FEMA-356, ATC-40. Criteria given in the code for three 

performance levels are listed below. 

 

PERFORMANCE LEVEL / PERFORMANCE CRITERIA 

 

Immediate Occupancy (IO) 

1. There shall not be any column or shear walls beyond IO level. 

2. The ratio of beams in IO-LS region shall not exceed 10% in any story. 

3. There shall not be any beams beyond LS. 

 

Life Safety (LS) 

1. In any story, the shear carried by columns or shear walls in LS-CP region shall not 

exceed 20% of story shear. This ratio can be taken as 40% for roof story. 

2. In any story, the shear carried by columns or shear walls yielded at both ends shall not 

exceed 30% of story shear. 

3. The ratio of beams in LS-CP region shall not exceed 20% in any story. 

 

Collapse Prevention (CP) 

1. In any story, the shear carried by columns or shear walls beyond CP region shall not 

exceed 20% of story shear. This ratio can be taken as 40% for roof story. 

2. In any story, the shear carried by columns or shear walls yielded at both ends shall not 

exceed 30% of story shear. 

3. The ratio of beams beyond CP region shall not exceed 20% in any story. 

  

 

 
 

Figure 4: Shear failure typical of poor construction of a beam-column joint (Galli, 2005)  



 

APPENDIX:  Classification of Damage According to EMS 98 

 

 

 

                                  A1.1  Classification of Damage to Masonry Buildings 



 

 

 

 

Figure A1.2: Classification of Damage to RCC Buildings [EMS 98]



CONCLUSION 

Non uniformity in definition, design standards, and code provisions for various countries 

increases the demand for International uniform soil structure interaction code, like International 

Uniform Building Code. The inconsistency among structural and geotechnical engineers would 

be solved at the root level with top priority. The gap developed between different study and 

research groups may be controlled and monitored by making use of Forensic Geotechnical 

Engineering principles. Countries like India need to develop Standards to response modification 

(strength reduction factor) factor for ssi of bridges, vaults and under tunnels, towers etc, with 

special emphasis for high rise buildings.  
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