
Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.6, No.2, pages: 27-38 

 

 
27 

 

Strength Reduction Factor of Soil-Structure Systems 

in Comparison to Fixed-Base Structures 

 

Morvarid Hajian 1*, Reza Attarnejad 2 

*1 PhD. candidate, School of civil Engineering, University of Tehran 

2 Professor, School of civil Engineering, University of Tehran 

 

 (hajian.m@ut.ac.ir) 

 

(Date of received: 04/03/2024, Date of accepted: 01/06/2024) 

   

ABSTRACT 

In this research, a proposed correlation was suggested to predict the strength reduction factor of soil-

structure systems when compared to structures with rigid bases. In recent years, several studies have 

focused on how structural dynamic parameters evolve, taking into account the flexibility of the substrate. 

The strength reduction factor is a crucial parameter in seismic design, and it is calculated as the ratio of 

elastic strength demand to inelastic strength demand to ensure that the displacement ductility demand does 

not exceed a specific target ductility ratio. This study utilized various non-linear and two-dimensional time-

history analyses on shear building models with 3, 5, 10, and 15 stories, fixed-base periods ranging from 0.1 

to 3 seconds, and target ductility ratios of 2, 4, and 6, placed on the soil. 22 far-field seismic accelerometers 

were utilized to expose the structures. To account for soil-structure interaction, class D and E soils were 

utilized. Observing the results showed that the strength reduction factor of structures was decreased by soil-

structure interaction. The softer the soil, the greater the soil-structure interaction effects, thus the smaller 

the strength reduction factor. In the three-story building, the change from type D soil to type E soil resulted 

in a 7% decrease in the strength reduction factor. However, this difference was not significant in the ten-

story building when comparing the two types of soil. Using the results obtained, a correlation was 

established to determine the structural strength reduction factor based on the strength reduction factor of 

the rigid base case. 
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1. Introduction 

Seismic design guidelines primarily permit buildings to experience non-elastic deformations 

during intense earthquakes. Seismic design typically relies on the elastic response of structures, 

with little direct consideration of inelastic behaviour. Because nonlinear time history analysis is 

not feasible for practical purposes, simplified analyses must be employed to predict the inelastic 

response of structures in strong earthquakes. In typical design codes, the reduction of the structure's 

lateral resistance in the elastic stage is utilized to determine the inelastic lateral resistance with the 

aid of the behaviour coefficient. This coefficient, as per Eq. 1, is determined by comparing the 

elastic resistance demand to the inelastic resistance demand. 
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Where, 1
y

F  ( )  is the lateral shear strength to maintain the structure in an elastic state, and 

y i
F  ( )  is the lateral yield strength to maintain the desired displacement ductility demand less 

or equal to the maximum tolerable displacement ductility. The majority of studies on the strength 

reduction coefficients have focused on fixed-base structures, neglecting the influence of the 

underlying soil. In the past few years, numerous studies have focused on the impact of soil-structure 

interaction on strength reduction coefficients, building foundation shear, and structural 

displacement [1-4]. The findings indicated that taking into account the flexibility of the soil-

foundation system led to higher lateral displacements and lower demands and foundation shear in 

the structure as a result of soil-structure interaction. A higher shear wave velocity resulted in 

increased flexibility capacity of the system, leading to greater seismic responses of the structure 

when compared to a rigid base [5-12]. Several researchers have also carried out research on the 

changes in structural behavior coefficients [13-14]. Ahmadi investigated the relationship between 

ductility-strength-period for structures with embedded foundations [15]. Miranda (1997) also 

studied how local soil conditions impact resistance reduction factors [16]. Furthermore, this 

researcher provided straightforward equations for estimating resistance reduction coefficients of 

various types of soil and rock, based on extensive data from 124 earthquakes [17]. Veda and 

Manchalwar (2021) researched soil-structure interaction using various soil types in SAP2000 

software. Based on these findings, it has been noted that the response correction factor decreases 

as the building height increases [18].  Garcia et. al. (2024) suggested a straightforward method to 

predict the response reduction coefficient for inelastic two-degree-of-freedom systems [19]. In 

2024, El-Janus and El- Ghoulbzouri studied the capacity curves and formation process of plastic 

joints using SAP2000 software. The findings indicated that the strength reduction factor decreased 

when incorporating soil-structure interaction [20]. In their study from 2013, Idemir and Ekis 

examined the decrease in ductility factor for multi-degree-of-freedom concrete frames on subjected 

to 64 seismic events [21]. Ganjavi and Hao examined how the relationship between strength and 

ductility varies in multi-story shear buildings during exposure to 30 real earthquakes on soft soil 

[22]. Esser et. al.  studied how the resistance reduction coefficients of one-degree systems with 

elastoplastic behavior changed across periodic periods from 0.1 to 3 seconds, analyzing 20 

earthquake motions on soft soil and taking into account the interaction between soil and structure. 

This study examined how soil-structure interaction impacts using equivalent period [23]. In their 

study from 2016, Lu et. al. examined how soil-structure interaction impacts the strength and 

ductility requirements of multi-degree-of-freedom shear buildings. These researchers utilized a 
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basic cone model to simulate soil and simulated earthquake data. The researchers found that in 

structures with low to medium ductility, increasing the stiffness ratio of the structure to the soil 

decreases the resistance demand compared to a structure with a rigid base [24]. This research 

explored the impact of soil-structure interaction on the strength reduction factor of structures by 

using multi-story models. In order to achieve this goal, the simulation of various buildings with 3, 

5, 10, and 15 stories conducted using the OpenSees program. These models represented the soil 

underneath the foundation as a continuous two-dimensional environment with shell elements. Next, 

through conducting nonlinear dynamic analysis on the models, the structural demand and the 

strength reduction factor were determined in both rigidly and flexibly supported conditions. Below, 

the methodology, specifics of the modeling, and conclusions of the research are provided. 

 

2. Methodology 

In order to strength reduction factor of structures, several multi-story buildings created with periods 

ranging from 0.1 to 3 seconds using the pushover analysis to achieve ductility ratios of 2, 4, and 6 

and determine the lateral yield strength of the structure with a fixed base. Next, these models 

underwent nonlinear time history analysis in both elastic and inelastic conditions using a shear 

building model on the soil environment simulated in OpenSees with equal lateral yield strength. 

Next, the elasticity and inelasticity of demand were determined, and the strength reduction factor 

was computed using Eq. 1 in both the rigid base and flexible base states. Details about soil 

properties, building structures, and earthquake data were provided individually in the upcoming 

sections. 

 

2.1. Numerical Models 
A number of two-dimensional and nonlinear analyzes performed in OpenSees software on 

numerical two-dimensional models with different fixed base periods and ductility ratios. First, a 

number of steel models were designed with the assumption of the shear building behavior 

according to Fig.1. The story height was assumed to be 3 meters. Later, the designed buildings 

were positioned on a soft ground and exposed to nonlinear dynamic examination. The soil medium 

was defined as a shell element undergoing plane-strain conditions. According to Fig.2, the soil 

medium was determined to be 30 meters deep, with a width that is 7 times greater than the length 

of the foundation. 

 

2.2. Soil Characteristics 
In this study two types of soil classified as soil types D and E utilized, both having a shear wave 

speed below 600 m/s. These soil types consist of cohesive and non-cohesive materials, as specified 

in Table 1 per ASCE 7-22 code [25]. To incorporate boundary conditions in the soil, absorbent 

boundaries of viscous lysmer were utilized based on Eqs 2-3. Eq. 2 represented the damping value 

of in the direction perpendicular to the face (
n

t ) and Eq. 3 represents the damping in the tangential 

direction (
s

t ) [26].  

 

 

n p
t C A  (2) 

s s
t C A  (3) 
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In the above relationships,   was the density of the soil, A  was the cross-sectional area of the soil, 

p
C  was the s compression wave velocity and 

s
C  was the shear wave velocity. 

 

 
Figure 1. Structural models. 

 

 
Figure 2. The geometrical configuration of the modeled soil environment. 

 
Table 1. Geotechnical characteristics of Soil Types. 

Soil Type 

(ASCE 7-22) 

Shear Wave 

Velocity 
(m/s) 

Poisson's 

Ratio 

Soil Density 
(kg/m3) 

C' 

(kg/m2) 
f' 

(Degree) 

D 200 0.4 1800 0 30 

E 150 0.45 1700 5 25 

 

2.3. Earthquake records 
Earthquakes were identified based on FEMA P-695 guidelines, selecting 22 pairs of off-fault 

accelerometers on type D and E soils (ASCE7-22 standard) as specified in Tables 2 and 3. 
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Table 2. Characteristics of 11 earthquakes on soil D and their recording stations. 

No. Earthquake Name Year Magnitude 
Recording Station 

Name 

Vs 

(m/s) 

PGA(g) 

1 Imperial Valley 1979 6.53 "Parachute Test Site" 348.69 0.11267 

2 Imperial Valley 1979 6.53 
"El Centro Array 

#13" 
249.92 0.11796 

3 
Whittier Narrows-

01 
1987 5.99 

"Downey - Co Maint 

Bldg" 
271.9 0.20451 

4 
Whittier Narrows-

01 
1987 5.99 

"LA - 116th St 

School" 
301 0.27251 

5 Landers 1992 7.28 "Yermo Fire Station" 353.63 0.24452 

6 Loma Prieta 1989 6.93 
"Palo Alto - 1900 

Embarc." 
209.87 0.12694 

7 Loma Prieta 1989 6.93 
"Dumbarton Bridge 

West End FF" 
238.06 0.13837 

8 Loma Prieta 1989 6.93 
"Richmond City 

Hall" 
259.9 0.12563 

9 Northridge-01 1994 6.69 
"Lakewood - Del 

Amo Blvd" 
267.37 0.13327 

10 Northridge-01 1994 6.69 
"Downey - 

Birchdale" 
245.06 0.14268 

11 Morgan Hill 1984 6.19 
"APEEL 1E - 

Hayward" 
219.8 0.0409 

 
Table 3. Characteristics of 11 earthquakes on soil E and their recording station 

No. Earthquake Name Year Magnitude Recording Station Name 
Vs 

(m/s) 
PGA(g) 

1 Imperial Valley 1979 6.53 "Westmorland Fire Sta" 193.67 0.07605 

2 Imperial Valley 1979 6.53 "El Centro Array #11" 196.25 0.36681 

3 Loma Prieta 1989 6.93 "APEEL 2 - Redwood City" 133.11 0.27441 

4 Loma Prieta 1989 6.93 "Foster City - APEEL 1" 116.35 0.12694 

5 Loma Prieta 1989 6.93 
"Larkspur Ferry Terminal 

(FF)" 
169.72 0.12563 

6 Northridge-01" 1994 6.69 "Carson - Water St" 160.58 0.09145 

7 Morgan Hill" 1984 6.19 "Foster City - APEEL 1" 116.35 0.04295 

8 Loma Prieta 1989 6.93 
"Foster City - Menhaden 

Court" 
126.4 0.10977 

9 Chi-Chi_ Taiwan-03 1999 6.2 "CHY047" 169.52 0.05419 

10 Chi-Chi_ Taiwan 1999 7.62 "CHY076" 169.84 0.07001 

11 Loma Prieta 1989 6.93 "Treasure Island" 155.11 0.10026 

 

 

3. Results and Discussion 

As it was said, to investigate the effect of soil-structure interaction on the structural strength 

reduction factor, several nonlinear time0history dynamic analyzes were used on 3, 5, 10, and 15-

story structures with periods between 0.1 and 3 seconds. The results of dynamic analysis were 

considered as an average of all earthquake records. In this way, the strength reduction factor in 

each model and for each earthquake record was calculated according to Eq. 1 and then the average 

results of the records were displayed as following sections.  
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3.1. Fixed-base and Flexible-based conditions 
The data from the analysis of structures with both rigid and flexible base, taking into account soil-

structure interaction effects, were shown in the graphs of Fig. 3. From studying the charts, it can 

be determined that typically, the strength reduction factor decreased due to soil-structure 

interaction. The strength reduction factor decreased as the soil became softer. This indicated that 

as per Eq. 1, the shear demand was decreased in the SSI mode compared to the rigid base. In 

simpler terms, a smaller decrease in elastic demand was required to stay below a target level of 

ductility. Using the regulation values established on the stiff substrate may lead to underestimated 

inelastic shear resistance, potentially resulting in the structure not achieving the desired ductility 

level. 
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Figure 3. Strength reduction factor of fixed-base case and flexible-base case for 3, 5, 10 and 15 story structures on 

soil type D. 
 
 

3.2. Effects of Soil Type 
Fig. 4 displayed the outcomes of strength reduction factor for two soil types and compared them with the 

fixed base case. When looking at the graphs, it could be noticed that the strength reduction factor was lower 

when accounting for soil-structure interaction compared to when the structure was on a rigid base. In other 

words, since the strength reduction factor proposed in the design regulations are based on a rigid foundation, 

the same values cannot be used for the real conditions of the structure, especially if the rigid structure is 

placed on soft soil. In case of using regulatory coefficients, the calculated resistance demand will be less 

than reality and the design results will be non-conservative. 

 

 

 

 

 

 

 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.6, No.2, pages: 27-38 

 

 
34 

 

 

 
Figure 4. The effect of soil shear velocity on Strength reduction factor for 3, 5, 10 and 15 story structures  
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In order to provide an estimate of the strength reduction factor R  compared to the fixed-base state, 

the average results of the previous section were displayed in the form of Figs. 5. Fig. 5 showed the 

average ratio of the strength reduction factor in the case of fixed base to soft base (soil D) for each 

category of multi-story structures by the target ductility ratio. According to these diagrams, the 

ratio 
(fixed)

(SSI)

R

R





could be estimated with the help of Eqs. 4-6 

 

For 2  :  
3 2

(fixed)
0.0405 0.3098 0.687 0.711

(SSI)

R
N N N

R
   





 (4) 

For  4 : 
3 2

(fixed)
0.064 0.534 1.345 0.285

(SSI)

R
N N N

R
   





                                        (5) 

For  6  :
3 2

(fixed)
0.0183 0.136 0.309 1.016

(SSI)

R
N N N

R
   





                                        (6) 

 

To estimate the strength reduction factor in soil E, the correction factor   should be used. in such a 

way that the above fraction was divided by the coefficient, as follows. 

 

For 2  : 
0.022

1.0933

n
   (7) 

  For 4  : 
0.057

1.21

n
                                        (8) 

For 6  : 
0.076

1.36

n
   (9) 
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Figure 5. The ratio of the strength reduction factor of the fixed-base structure to the flexible base condition in type D 

soil for 3, 5, 10 and 
 

 

 

4. Conclusion 

This study proposed a new formulation to calculate the strength reduction factor of soil-structure 

system in comparison to fixed-base structures. By conducting numerical investigations on multi-

story buildings with periods ranging from 0.1 to 3 seconds and ductility ratios of 2, 4, and 6, the 

structural reduction factors were computed and contrasted under both fixed base and flexible base 

conditions. A total of 22 earthquakes recorded on D and E soils underwent time history analyzes 

in OpenSees software. Models were created with structures as two-dimensional elements and soil 

as plane strain elements. Soil-structure interaction typically decreased the structural behavior 

coefficient. Simply put, the resistance required for a structure in a soil environment differed from 

that of a structure with a fixed foundation. To prevent surpassing a specific level of ductility, less 

reduction in the elastic base shear was necessary in this scenario. By incorporating code behavior 

coefficients into the design of structures, especially those influenced by soil-structure interaction, 

the result would be non-conservative, leading to a failure to achieve the desired ductility level. If 

regulatory coefficients were utilized, the estimated resistance needed would be lower than actual, 

leading to non-conservative design outcomes. Hence, if soil-structure interaction effects are 

notable, it is important to include the soil as a whole model to analyze the final system results. 

 

 

 

 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.6, No.2, pages: 27-38 

 

 
37 

 

5. References 

1-Ali, T., Eldin, M.N. and Haider, W., 2023. The effect of soil-structure interaction on the seismic 

response of structures using machine learning, finite element modeling and ASCE 7-16 methods. 

Sensors, 23(4), p.2047. 

2-Shi, Y., Wang, D., Qin, H., Chen, X., Han, J. and Zhang, Z., 2023. Strength reduction factor 

spectra for SDOF systems with structural fuses. Soil Dynamics and Earthquake Engineering, 169, 

p.107895. 

3-Requena-Garcia-Cruz, M.V., Bento, R., Durand-Neyra, P. and Morales-Esteban, A., 2022, April. 

Analysis of the soil structure-interaction effects on the seismic vulnerability of mid-rise RC 

buildings in Lisbon. In Structures (Vol. 38, pp. 599-617). Elsevier. 

4-Maharjan, S. and Bahadur, K., 2021, March. Study of Soil-Structure Interaction Effects on 

Seismic Analysis. In Proceedings of 9th IOE Graduate Conference (Vol. 12). 

5-Waqas, M., (2018). “Identification of an Efficient Method for Practicing Designers to Incorporate 

Soil-Structure Interaction Effects”, Doctoral dissertation, CAPITAL UNIVERSITY. 

6-Tahghighi, H. and Rabiee, M., (2015). “Nonlinear Soil-Structure Interaction Effects on Building 

Frames: A Discussion on the Seismic Codes”. Journal of Seismology and Earthquake Engineering, 

17(2), pp.141-151. 

7-Kanwal, F., (2017). “Evaluation of Response Modification Factor in Consideration of Soil-

Structure Interaction”, Master Thesis.    

8-Tabatabaiefar, S.H.R., 2012. “Determining seismic response of mid-rise building frames 

considering dynamic soil-structure interaction”, Doctoral dissertation. 

9-Karimzada, N.A., (2015). “Performance-Based Seismic Design of reinforced concrete frame 

buildings: A direct displacement-based approach”, Master's thesis, İzmir Institute of Technology. 

10-Folic, R. (2015). “Performance Based Seismic Design of Concrete Buildings Structures - 

Bases”, International conference, Contemporary achievements in civil engineering 24. April. 

Subotica, SERBIA, pp. 207-215.   

11-Tabatabaiefar, H.R. and Massumi, A., 2010. “A simplified method to determine seismic 

responses of reinforced concrete moment resisting building frames under influence of soil–

structure interaction”. Soil Dynamics and Earthquake Engineering, 30(11), pp.1259-1267. 

12-Nguyen, H.D. and Shin, M., 2021. Effects of soil–structure interaction on seismic performance 

of a low-rise R/C moment frame considering material uncertainties. Journal of Building 

Engineering, 44, p.102713. 

13-Ghannad, M.A. and Jahankhah, H., 2007. Site-dependent strength reduction factors for soil-

structure systems. Soil Dynamics and Earthquake Engineering, 27(2), pp.99-110. 

14-Avilés, J. and Pérez‐Rocha, L.E., 2003. “Soil–structure interaction in yielding systems”. 

Earthquake engineering & structural dynamics, 32(11), pp.1749-1771. 

15-Ahmadi, E., 2019. Concurrent effects of inertial and kinematic soil-structure interactions on 

strength-ductility-period relationship. Soil Dynamics and Earthquake Engineering, 117, pp.174-

189. 

16-Miranda, E., 1997, January. Strength reduction factors in performance-based design. In 

Proceedings of EERC-CUREe Symposium, Berkeley, CA. 

17-Miranda, E., 1993. Site-dependent strength-reduction factors. Journal of Structural Engineering, 

119(12), pp.3503-3519. 

18-Veda, A.V. and Manchalwar, A., 2021, July. Response reduction factor based on geometric 

variation with soil structure interaction. In AIP Conference Proceedings (Vol. 2358, No. 1). AIP 

Publishing. 



Advance Researches in Civil Engineering  

ISSN: 2645-7229, Vol.6, No.2, pages: 27-38 

 

 
38 

 

19-GARCIA, M.F., Bazan, J.L. and Fernandez-Davila, V.I., 2024 Parametric Evaluation of the 

Response Modification Factor R Considering Bidirectional Ground Motions. Available at SSRN 

4770563. 

20-El Janous, S.O.U.M.A.Y.A. and El Ghoulbzouri, A., 2024. Seismic Vulnerability of Irregular 

Reinforced Concrete Buildings Considering the Soil-structure Interaction. International Journal of 

Engineering, 37(1), pp.104-114. 

21-Aydemir, M.E. and Ekiz, I., 2013. Soil–structure interaction effects on seismic behaviour of 

multistorey structures. European Journal of Environmental and Civil Engineering, 17(8), pp.635-

653. 

22-Ganjavi, B. and Hao, H., 2014. Strength reduction factor for MDOF soil–structure systems. The 

Structural Design of Tall and Special Buildings, 23(3), pp.161-180. 

23-Eser, M., Aydemir, C. and Ekiz, I., 2011. Effects of soil structure interaction on strength 

reduction factors. Procedia engineering, 14, pp.1696-1704. 

24-Lu, Y., Hajirasouliha, I. and Marshall, A.M., 2016. Performance-based seismic design of 

flexible-base multi-storey buildings considering soil–structure interaction. Engineering Structures, 

108, pp.90-103. 

25-ASCE7-16. 2022. Minimum Design Loads for Buildings and Other Structures. American 

Society of Civil Engineers. 

26-Lysmer, J. and Kuhlemeyer, R.L., 1969. Finite dynamic model for infinite media. Journal of 

the engineering mechanics division, 95(4), pp.859-877. 

27-FEMA, 2009, Quantification of Building Seismic Performance Factors, FEMA P-695, prepared 

by Applied Technology Council for the Federal Emergency Management Agency, Washington, 

D.C. 

28-Ganjavi, B. and Hao, H., 2014. Strength reduction factor for MDOF soil–structure systems. The 

Structural Design of Tall and Special Buildings, 23(3), pp.161-18. 


