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Abstract 
In this study dynamic analysis of Soil Structure Interaction (SSI) effect on 
multi story reinforced concrete (RC) frame founded on soft soil (flexible 
base) is made and compared with fixed base. Two model 2D RC frames with 
7 and 12 story are selected for analysis. Winkler Spring and half space direct 
method models are used for flexible base for the frames founded on two types 
of soft soils with shear velocity Vs < 150 m/s Asper Seismic Codes of Chinese 
GB50011-2010 Soil IV and Ethiopian ES8-2015 soil D. The frames are sub-
jected to strong ground motion matched to response spectrums of soft soil of 
Chinese GB50011-2010 and Ethiopian ES8-2015 for linear time history analy-
sis. The dynamic analysis result shows Spring and Fixed base mass participa-
tion 90% reaches in 2 or 3 modes but in direct method 11 to 30 modes for 
story 12 and 7 respectively. However, both flexible base models have bigger 
fundamental period of vibration and inter story drift but smaller base shear 
than fixed base. In addition, within the flexible base models the inter-story 
drift, second order effect (P-Δ) and Story shear distribution are different 
along the height of frames. The spring model shows larger Story drift and 
second order effect (P-Δ) at the bottom of Story for both soft soils types. On 
the other hand, half space direct method model indicates value reverse to 
spring model; it gives bigger Story drift and P-Δ effect in the top stories than 
fixed base. Finally, this study concludes that base shear reduction due to SSI 
may not be always beneficial. Because the gravity load is constant in both 
fixed and flexible bases that cause bigger P-Δ effect at the bottom stories due 
to increase, inter story drift and decrease story shear in flexible base. 
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1. Introduction 

In dynamic analysis of a building structure, the base support condition is very 
essential for calculating its dynamic behavior useful in estimating structural res-
ponses and distribution within structural members. The building base condition 
will be different depending on the type of supporting ground. Fixed base foun-
dation could be assumed on stiff soil and flexible base foundation on soft soil. 
Flexibility of base causes decrease in structural stiffness and increase period of 
vibration during earthquake ground motion. Consequently, the building struc-
tural responses such as displacement drift, Story shear, and P-∆ effects will be 
different from fixed base that could beneficial or detrimental. As a result, in the 
past the dynamic analysis building on soft soil has gained serious attention in 
seismic active areas. 

Wolf 1985 [1] and many other authors noted that for structures built on 
strong foundation such as rock during earthquake motion, the force generated 
in the form of overturning moment and transfers shear will not cause deforma-
tion to the base in turn; the stiffness of structure remains constant. For a given 
control of motion, the seismic response of the structure depends only on the 
properties of the structure, however for soft soils used as base; the base deforma-
tion changes the stiffness of structure during earthquake vibration, which in turn 
affects its response, known as Soil Structure Interaction (SSI) effect. Even if, SSI 
has both kinematic and inertia effect on structure; in this study only inertia ef-
fect is considered. 

Figure 1 illustrates SSI effect on structures [2]. For single mass (m), height 
(H), stiffness (Ks) supported on soft soil foundation lateral stiffness (Ky), and ro-
tational stiffness (Kθ) foundation base radius (r) subjected to ground motion ac-
celeration üg. This causes the base deformation in rotation (θ) and larger transla-
tion of at the top of structure that results base flexibility (SSI). Consequently, the 
dynamic behavior of the structure changes affected structural responses like pe-
riod of vibration, displacement, base shear, and secondary moment effects P-Δ  

 

 
Figure 1. Soil Structure Interaction Model Adapted from [2]: (a) Structure supported on 
soft soil (b) Idealized model for Soil Structure interaction. 
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(mainly axial load carrying vertical members such as column in multi-story 
building). 

In the past, many studies showed that soil structure interaction (SSI) has both 
beneficial and detrimental effect on structure. Because SSI increases flexibility of 
structure, lengthening of structural vibration period and damping. As a result, in 
building structures, the base shear decreases; however at the same time dis-
placement increases. The decrease in base shear may be advantages, but the in-
crement in displacement induces secondary moments P-∆ effect due to high in-
ter-story drift. Moreover, excessive deflection of building could lead to collision 
of nearby structures. In addition, P-∆ is highly emphasized structural members 
supporting big axial load such as tall building, and consequence can be cata-
strophic which leads to instability of the whole structure. Moreover, there are 
researches those stating that for some special cases fixed base models can lead to 
an underestimation of seismic response [3] [4] [5]. According to references [4], 
the idea of design spectra of the seismic codes along with the increased funda-
mental period and effective damping due to SSI lead always to reduce forces in 
the structure is not always true. It is shown that in certain seismic and soil envi-
ronments, an increase in the fundamental natural period of a moderately flexible 
structure due to SSI may have detrimental effect on the imposed seismic demand 
[4] [6]. In contrast [7] study emphasizes the beneficial effect of soil structure in-
teraction for reduction of seismic demand as economic advantage without in-
cluding the P-∆ effect that may lead to catastrophic failure. 

Additionally, the SSI effect has been included in some seismic codes. Euro-
pean regulation for seismic design Eurocode 8 (EC8-2004) [8] of structures from 
which Ethiopia Seismic Standard Code (ES8-2015) [9] adopted from contains 
very few information for including Soil-Structure Interaction. Seismic design of 
foundation regulation EN1998-Part 5 Extension of EC8-2004 [10] states that SSI 
the fundamental period of vibration of the flexibly-supported structure will be 
longer than that of the fixed-base structure, the overall damping will increase 
both due to radiation and the internal damping generated at the soil-foundation 
interface, in addition to the damping associated with the superstructure. 
EN1998-Part 5 [10] states for the majority of common building structures, the 
effects of SSI tend to be beneficial, since it reduce the bending moments and 
shear forces in the various members of the superstructure. Nevertheless, 
EN1998-Part 5 [10] noted also the effect of SSI structures supported on soft soils 
shear velocity Vs < 100 m/s can have detrimental effect on structures where P-∆ 
(2nd order) effects play a significant role; structures with massive or; slender tall 
structures, such as towers and chimneys. 

On the other hand, the American standard ASCE Standard ASCE/SEI 7 - 10 
[11] recognizes the effect of SSI on structures. Yet, ASCE Standard ASCE/SEI 7 - 
10 provides more detail information than EN1998-Part 5 by providing equations 
that considers the effect in the determination of the design earthquake forces 
and the corresponding displacements of the structure if the model used for 
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structural response analysis does not directly incorporate the effects of founda-
tion flexibility. For equivalent lateral force procedure fulfilling requirement, to 
account for the effects of soil-structure interaction, the base shear (V) deter-
mined from shall be reduced to V  in Equations (1) and (2) 

V V V= − ∆                           (1) 

The reduction ΔV, shall be computed as follows and shall not exceed 0.3 V 
0.4

0.05 0.3s sV C C W V
β

  
 ∆ = − ≤ 
   





                 (2) 

where Cs = the seismic design coefficient computed from Equations 12.8-2, 
12.8-3 calculated using fixed base fundamental period of vibration (T) and sC  
= the value of Cs computed from Equations 12.8-2, 12.8-3 calculated using flexi-
bly supported structure ( T ) in ASCE/SEI 7-10 Section 12.8. 
β  = the fraction of critical damping for structure-foundation system. 
W  = the effective seismic weight of structure which shall be taken as 0.7 W, 

except for structures where effective weight is concentrated at a single level, tak-
en as equal to W. 

The effective period T  shall be determined as follows in Equation (3) 
2

1 1 y

y

K hkT T
K Kθ

 
= + +  

 
                     (3) 

where T = the fundamental period of the structure as determined in 12.8.2 of 
ASCE7-10. 

k  = the stiffness of the structure where the fixed base, defined by Equation 
(4) 

2
24π Wk

gT
 

=  
 

                        (4) 

where, h  = the effective height of the structure, which shall be taken as 0.7 
times the structural height (hn) except for structures where gravity load is con-
centrated at a single level, equal to that level. 

Ky = the lateral stiffness of the foundation as the horizontal force at level of the 
foundation necessary to produce a unit deflection at that level, the force and 
deflection being measured in the direction in which the structure is analyzed. 

Kθ = the rocking stiffness of the foundation defined as the moment necessary 
to produce a unit average rotation of the foundation, the moment and the rota-
tion being measured in the direction in which the structure is analyzed. 

g = acceleration due to gravity. 
Effective damping factor for structures foundation system β  shall be com-

puted by Equation (5) 

0 3

0.05

T
T

β β=
 
 
 





                         (5) 
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β0 = the foundation damping factor as specified in Figure 2 that shows 
damping factor increase up to 20% for period of vibration lengthening factor of 
1.5 to 2.0 compared with fixed base. 

Similar to EC8-2004 Part 5 and ASCE/SEI 7-10,Chinese seismic code GB 
50011-2010 [12] considers Soil Structure Interaction effect according to Article 
5.2.7, horizontal seismic shear force of rigid base may be reduced according to 
requirements and Story drift may be calculated according to reduced story shear 
force, however not detailed enough. In conclusion, the three seismic codes do 
not provide full recommendation, which requires further study. 

So far, several SSI study on building report mainly focuses only on period of 
vibration, displacement, story drift, story shear and geotechnical parameters that 
affects SSI biased to geotechnical engineering. However, little attention is given 
to structural responses such as P-∆ effect due to gravity load of building itself 
affecting vertical structural members for example column, even if many building 
collapsed as a result of P-∆ secondary moments and instability. In this paper SSI 
effect (flexible base) on P-∆ effect is additionally studied using two methods: half 
space direct method of soil structure interaction, and Winkler Spring and then 
compared with fixed base using SAP2000 structural analysis software [13] for 2D 
reinforced concrete frame. In addition, soil-structure interaction (SSI) effect 
responses variation along height of building among fixed and flexible bases is 
studied. 

2. Model Structural System for SSI Analysis 
2.1. Structural System and Soil Data 

For comparative analysis of fixed base and flexible base structures, two residential 
buildings frame regular in plan and elevation are considered to avoid secondary 

 

 
Figure 2. Foundation damping factor adopted from ASCE/SEI 7-10 [11]. 
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effects due to irregularity. Figure 3 shows the same typical residential buildings 
plan of 15 m × 32 m for both model frames common Architectural plan in China 
that can be adopted to Ethiopian construction. The plan is adapted from Chinese 
Seismic and Concrete Design standards [14] [15] and modified for this study 
purpose. The 2D model frames here after denoted as, S7 and S12 for 7 and 
12-story respectively. Figure 4 shows typical transverse frames S7 and S12 story 
with first story height 4.50 m and others typical Story height of 3.6 m. The 
frames are considered in the short transfer direction and carry tributary area of 
floor load shown in Figure 3 for 2D regular frame analysis. The columns and 
beams of frames are designed according to Ethiopian Concrete Design Standard 
ES2-2015 [16] that are subjected to design seismic action of PGA = 0.25 g soil 
type B design response spectrum [9]. Beam sections for both model frame are 
the same BM 25 cm × 65 cm, but column sizes are different, CL65 cm × 65 cm  

 

 
Figure 3. Typical floor plan for model residential building S7 and S12. 

 

 
Figure 4. Typical model building frames S7 and S12. 
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for S7 and CL70 cm × 70 cm for S12. Furthermore, the beam and column stiff-
ness in the frame are proportioned to behave in shear mode according to [17]. 

In seismic weight calculation, given imposed load on residential building, 
according to ES1-2015 [18] and GB5009-2012 [19], Uniform Live Load LL = 
2.0 kN/m2, Roof live load LL = 1.0 kN/m2 and dead load floor finish and other 
walls including self-weight is 8.30 kN/m2, and wall load on beam including 
self-weight of beam is 15.90 kN/m. For seismic weight calculation, 
GB50011-2010 is used 50% of live load and 100% dead load for dynamic analy-
sis. Total dead load transferred on floor beam using tributary area including 
self-weight is 55.00 kN/m and roof floor beam is 37.28 kN/m for analysis. Live 
load transferred on floor beam 8.00 kN/m and 4.00 kN/m on roof beam. 

Structural members material strength specifications from [16] [20]: Con-
crete C-30, Ec = 31 × 106 kN/m2, Concrete Unit Weight = 24 kN/m3 and Steel 
S-400/HRB400, Es = 200 × 106 kN/m2, Steel Unit Weight = 78.5 kN/m3. 

Soil properties supporting the structure: Assumed soft soil category ac-
cording to GB50011-2010 and ES8-2015 for depth greater than 30 m below the 
structure Shear Velocity Vs = 150 m/s corresponds to soil D in ES8-2015 [9] and 
Soil IV in GB50011-2010 [12], Density ρ = 1500.00 kg/m3, Poisson Ratio, ν = 
0.40, Shear modulus, G = 33.75 Mpa, and Elastic modulus, E = 94.50 Mpa. 

2.2. Soil Structure Interaction Numerical Modelling 

To date, many general-purpose structural analysis softwares are available for 
modelling structural members with well-defined member properties and boun-
daries of structures in either 3D or 2D analysis. However, Soil Structure Interac-
tion (SSI) analysis model involves both structural member and foundation soil 
properties, which does not have well defined engineering material properties and 
boundaries. Because of this many simulation software’s may be suggested for soil 
structure interaction analysis but may not be suitable in design office for practice 
[2]. In this study general-purpose structural analysis software SAP2000 [13] is 
selected that is commonly available in design offices and that has capacity to si-
mulate SSI [21]. 

So far, for SSI analysis for both 2D and 3D model has been used using differ-
ent methods. Using direct half space method, the base soil modelled together 
structure using 3D solid element [22] and 2D plane strain shell soil element [3] 
[23] [24] [25] [26]. Also, SSI is modelled using Winkler spring element [27] and 
Viscous Transmitting boundary method [25] [28]. In addition full 3D direct 
method for arch bridge analysis is made by [29]. Moreover, authors [25] [28] [30] 
used direct method in modelling multistory building with equivalent 2D model 
for the superstructure can be constructed straightforward for the shorter dimen-
sion. With this aim, a simple assumption is to take a typical transverse resistant 
axis loaded by tributary weight/mass over the distance in order to keep nearly 
the internal forces in structural elements. The stiffness contributions of the 
transverse elements are ignored. If the foundation is assumed to be infinitely ri-
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gid following the longer distance, an equivalent plane-strain foundation-soil 
model is valid [30]. In the same way in this study, for the regular model building 
both in plan and in elevation considered above, 2D frame for SSI analysis is 
used.SSI is modelled using direct half space method and Winkler Spring. Finally, 
the structural responses of SSI are compared with fixed base. 

2.2.1. Direct Half Space Method 
Most structural analysis computer programs including SAP2000, chosen for this 
study, automatically apply the seismic loading to all mass degrees of freedom 
within the computer model and cannot solve the SSI problem. However, this can 
be solved using the most common soil-structure interaction (SSI) approach, 
used three dimensional soil-structure systems, is based on the ‘‘added motion’’ 
formulation [21]. This formulation is mathematically simple, theoretically cor-
rect, and is easy to automate and use within a general linear structural analysis 
program SAP2000 [21], which is based on modelling SSI with massless founda-
tion. Therefore, in the added mass formulation, the entire structure and soil can 
be modelled in single system defined as direct method of SSI analysis. The base 
soil is modelled using half space model with dimensions defined according to 
[22]. If the soil material can be considered linear, the SAP2000 program, using 
the Solid element, can calculate either the one-, two- or three-dimensional 
free-field motions at the base of a structure [21]. In this study Linear time histo-
ry analysis is made using finite element based structural analysis software 
SAP2000 [13]. 2D reinforced concrete frame analysis is made without non 
cracked beam and column stiffness subjected to Matched Loma Prieta earth-
quake with magnitude-6.9 in 1989 [31]. 

For modelling of infinite soil surrounding structure to consider the effect of 
wave propagation the assumption adopted from [6] sufficiently far from struc-
ture as shown in Figure 5. The soil depth D more than 2B is 45 m and with H 
distance from structure to boundary greater than 3B, the total width of half 
space more than 7B is 135 m, where B is the width of model of building in short 
direction. The soil is modelled using 2D plane strain elastic elements as per [30]. 
The soil elements size meshed by 3 × 3 m and 1 × 3 m larger and smaller ele-
ments respectively in Figure 5. The damping is assumed as 5% of the critical 
damping using Rayleigh damping definition for both structure and soil. The 
members in the frame structures are modelled using beam elements. The boun-
dary conditions of half space soil for the analytical model a fixed boundary is 
assumed at the base of the soil model while for vertical soil boundaries artificial 
viscous spring dashpot is considered according to [32] [33] [34]. The transmit-
ting boundaries are used to represent the effect of the truncated soil by using 
viscous spring dashpot dampers at the boundaries. These boundaries, which can 
fully absorb body waves propagating normal and tangential to the boundary, 
were initially proposed by Lysmer and Kuhlemeyer [32]. Furthermore, after 
many modification to recent viscous spring equation in artificial boundary with 
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normal and tangential direction adapted from [34] [35] in Equations (6a) to (6f) 

BN BN, p
b

AGK C AV
r

ρ= =                     (6a) 

BT BT,
2 S

b

AGK C AV
r

ρ= =                     (6b) 

p
MV
ρ

= , P-Wave Velocity                 (6c) 

s
GV
ρ

= , Shear wave Velocity (S-Wave)            (6d) 

( )2 1
EG
ν

=
+

, Shear Modulus                 (6e) 

( )
( )( )

1
1 1 2

E
M

ν
ν ν

−
=

+ −
, P wave Modulus             (6f) 

where KBN and KBT are the normal and tangential stiffness coefficients, respec-
tively. CBN and CBT are the normal and tangential damping coefficients, respec-
tively. A is the total area of all elements around the node at the boundary. rb is 
the distance from the scattering wave source to the artificial boundary point. Vs 
and Vp are the wave velocities of the S wave and P wave, respectively. G is the 
medium’s shear modulus, E—Elastic modulus, ν—Poisson ratio and ρ is the 
medium’s mass density. 

Given Soft Soil Properties above; 
ρ = 1500.00 kg/m3, ν = 0.40, G = 33.75 Mpa, E = 94.50 Mpa, Vs = 150 m/s, then, 

Vp = 367.42 m/s, KBN = 2250.0 kN/m, KBT = 1125.0 kN/m, CBN = 1653.0 kN∙s/m 
and CBT = 675.0 kN∙s/m. This values are used for modelling viscous spring 
dashpot in SAP2000 [13] using link support element at the half space boundary 
model of direct method shown in Figure 5. 

 

 
Figure 5. 2D soil structure model using half space direct method model in SAP2000. 
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2.2.2. Winkler Spring Method 
In addition to the direct method of modelling, for evaluating the seismic re-
sponse of reinforced concrete multi-story buildings with raft foundation on soft 
soil, the underneath soil is modeled by Winkler spring approach with equivalent 
static stiffness based on soil modulus of elasticity [3] [27]. For same soft soil used 
in direct method with shear velocity of Vs = 150 m/s., equivalent static stiffness 
for different direction vibration mode, the soil spring stiffness can be calculated 
using Gazetas 1991 [36] expressions shown in Equations (7a) to (7c). 

Vertical direction (Z) 
( )

0.75

0.73 1.54
1z
GL BK

Lν

  = +  −    
        (7a) 

Horizontal (lateral direction y) 
( )

0.85

2.0 2.50
2y
GL BK

Lν

  = +  −    
   (7b) 

Horizontal (Longitudinal direction x) 
( )

0.2 1
0.75x y

GL BK K
Lν

 = − − −  
  (7c) 

where G is shear modulus of soil defined in Equation 6(e), E is the modulus of 
elasticity of soil; ν is the Poisson’s ratio of soil. L and B are the length and width 
of Raft foundation of the whole building, respectively. For Raft foundation plan 
Length L = 32 m and Width B = 15 m, Soft soil with shear velocity Vs = 150 m/s, 
Poisson ratio ν = 0.4, Shear Modulus G = 33.75 Mpa, Modulus of Elasticity E = 
94.50 Mpa, Dynamic stiffness in the vertical direction, Kz = 6.00 × 103 (kN/m2)/m, 
Horizontal in lateral direction Ky = 4.66 × 103 (kN/m2)/m, Horizontal Longitu-
dinal direction Kx = 3.98 × 106 (kN/m2) /m. For 2D frame analysis, the total 
stiffness of raft is distributed to each column support according to its tributary 
area. 

3. Earthquake Loading 

In this study strong ground motion Loma Prieta 1989 from PEER [31] is 
matched to design response spectrum of soft ground type of Ethiopian Seismic 
Code and Chinese with shear velocity Vs = 150 m/s, which is used for time his-
tory analysis of 2D frame in S7 and S12 model building. 

3.1. Design Response Spectrum 

Design response spectrum with 10% exceedance in 50 years’ PGA = 0.30 g, M = 
8 measured with reference to Chinese Code GB50011-2010 for Soil II is used. 
This is equivalent to 0.25 g of soil B of Ethiopia ES8-2015 based on Chinese and 
European seismic code seismic soil equivalency study [37] [38] and can be ap-
plied to Ethiopia as it is adopted from EN1998-1 [9]. Figure 6 shows equivalent 
response spectrum comparison used in this analysis. For flexible base (SSI) anal-
ysis, equivalent soft ground types D in ES8-2015 and IV in GB50011-2010, here 
after denoted as D and IV respectively will be used in the subsequent numerical 
calculations of structural responses. 
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3.2. Matched Strong Ground Motion 

For dynamic analysis, strong ground motion of Loma Prieta earthquake of USA 
in 1989 ground motions, PGA = 0.367 g is used [31]. To use ground motion for 
analysis, matching to the design response spectrum with 5% damping is needed. 
For matching, procedures outlined in Seismic Code of Ethiopia ES8-2015 [9] are 
used. The ground motion is matched to equivalent target response spectrum of 
very soft ground type D of ES8-2015 PGA = 0.25 g and IV of GB50011-2010 
PGA = 0.3 g. Seismosmatch 2016 is used for matching [39], a computer program 
to adjust ground-motion records so that their spectral acceleration response 
matches a target response spectrum. For matching ES8-2015 recommends 0.2T1 
and 2T1 minimum and maximum for specific building structure, where T1 fun-
damental period of vibration, using modal analysis in SAP2000 with fixed base 
model the fundamental period of vibration. In this study 12 Story frame with 
fundamental period of vibration T1 = 2.12 s is used. Accordingly, the matching pe-
riod for Loma Prieta earthquake is Tmin = 0.424 s and Tmax = 4.0 s. Table 1 and 
Figures 7(a)-(e) show matched ground motion parameters for the two design 
response spectrums. 

3.3. Time History Analysis 

Using the matched strong ground motion linear time history analysis is made 
for flexible and fixed base support conditions of the frames Story 7 (S7) and 
Story 12 (S12). For all support conditions, the seismic responses are calculated 
using SAP2000 structural analysis software [13]. 

4. Results and Discussion 

This section presents the dynamic analysis results. This includes dynamic properties  
 

 
Figure 6. Equivalent design response spectrum of GB50011-2010 and ES8-2015. 

 
Table 1. Original and matched ground motion loma prieta earthquake. 

Earthquake Ground Motions PGA (g) PGV (cm/s) PGD (cm) 

Original Loma Prieta 0.367 44.69 19.61 

Matched to Soft Soil D ES82015 0.384 50.11 19.63 

Matched to Soft Soil IV GB50011-2010 0.396 46.84 17.35 
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Figure 7. (a), (b), (c), (d), and (e) Matching of Loma Prieta Ground Motion. (a) Target Response spectrum soil D ES8-2015 Pseu-
do acceleration Maximum = 0.70 g; (b) Target Response spectrum Soil IV GB50011-2010 Pseudo acceleration Maximum = 0.68 g; 
(c) Original Loma Prieta earthquake 1989 M = 6.9; (d) Matched Loma Prieta Ground motion to Response Spectrum of soil D of 
ES8-2015 PGA = 0.25 g; (e) Matched Loma Prieta Ground motion to Response spectrum of Soil IV of GB50011-2010 PGA = 0.30 
g. 
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and other response of the model structures S7 and S12 shown in table and graph 
form. All response comparisons are made with reference to fixed base for both 
types of flexible base models presented in subsequent sections. 

4.1. Modal Analysis Result 

Modal analysis of the model frames S7 and S12, both fixed and flexible base (SSI), 
is made using finite element method software, SAP2000 [13]. Flexible base is 
modelled using the two methods Winkler (SSI WS) and direct method half space 
method (SSI DM). From the analysis result, mass participation of frames 90% or 
more reaches with few modes of 2 or 3 in both Spring and Fixed base. On the 
other hand, in direct method from 11 to 30 modes is required, which corres-
ponds to S12 and S7 frames respectively. This shows higher mode effect is more 
important in direct method modelling of SSI, which in turn affects the structural 
responses of frames. Furthermore, the fundamental period of structures with 
flexible base of SSI-WS and SSI-DM is greater than FB shown in Table 2, for S7 
SSI-WS and SSI-DM and greater than FB by 57.50% and 70.00% respectively, in 
addition, for S12 SSI-WS and SSI-DM greater by 52.00% and 66.50% respectively. 
The period lengthening shows good agreement with ASCE Standard ASCE/SEI 7 
- 10 provisions [11]. 

4.2. Story Displacement 

Story displacement is very essential parameters for nearby building collision ef-
fect in seismic event for making enough separation between nearby structures. 
The deflection profile is different based on fixity of the base. Figure 8(a) and 
Figure 8(b) show the displacement difference in fixed and flexible base. The top 
Story displacement of flexible base is greater than the fixed base by 143% in S7 
and 189% in S12 for soil IV in Half space Model. For spring model soil IV, 185% 
in S7 and 162% in S12.Similar pattern for soil D is shown in Figure 8(a) and 
Figure 8(b). 

4.3. Inter Story Drifts 

Story drift is one of the important parameter for lateral load effect on vertical 
members in stability analysis. Figure 9 shows the Story drift in flexible base 
compared with fixed base. Figure 9(a) compared to fixed base S7 inter Story 
drift for Half Space Model SSI-DM, soil D 38% to 295% bottom to top stories 
and for soil IV 200% to 388%, increasing trend bottom to top. For spring model, 
however soil D 322% to 134% bottom to top stories and for soil IV 370% to  

 
Table 2. Fundamental period of vibration T1 flexible and fixed base. 

Model Building FB (Fixed Base) SSI-WS (Spring) SSI DM (Direct) FB (Fixed Base) 

S7 1.20 1.89 2.04 1.20 

S12 2.12 3.23 3.53 2.12 
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Figure 8. Story Displacement of S7 (a) and S12 (b). 
 

179%, decreasing trend. Similarly, Figure 9(b) shows compared to fixed base 
S12 inter Story drift for Half Space Model SSI-DM, soil D 32% to 304% bottom 
to top stories and for soil IV 34% to 382%, increasing trend bottom to top. For 
spring model, however soil D 257% to 143% bottom to top stories and for soil IV 
319% to 238%, decreasing trend. 

4.4 Story Shear 

Figure 10 shows the Story shear flexible base compared with fixed base. In gen-
eral base shear in flexible base is smaller fixed base in both S7 and S12, which is 
often taken as advantage of SSI [7] [10] [11] [12]. However, Figure 10(a) for S7 
soil D in SSI-DM, direct method the base shear 73%and 104% of fixed base in  
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Figure 9. Story Drift (a) S7 and (b) S12. 

 
bottom and top stories respectively. Similarly soil IV, 92% and 120% of fixed 
base in bottom and top stories. On the other hand, spring model for soil D varies 
67% to 60% bottom to top and the same trend for soil IV 77% to 70% bottom to 
top stories of fixed base model decreasing trend. 

Furthermore, (Figure 10(b)) S12 soil D in SSI-DM, direct method the base 
shear 73% and 104% of fixed base in bottom and top stories respectively. Simi-
larly soil IV, 92% and 120% of fixed base in bottom and top stories. However,  
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Figure 10. Story Shear (a) S7 and (b) S12. 

 
Spring model for soil D varies 53% to 76% bottom to top and the same trend for 
soil IV 60% to 75% bottom to top stories of fixed base model increasing trend 
compared to S7. This shows, the decreasing effect is not always true for mul-
ti-Story building. 

4.5. P Delta Effect 

One of the detrimental effect of flexible base is P-Delta effect due to excessive 
deflection. Because in both fixed base and flexible base the vertical gravity axial 
load in columns remain constant, but Story shear changes depending on ground 
motion magnitude, ES8-2015 [9]. Equation (8) shows second-order effects (P-∆ 
effects) need not be taken into account if the sensitivity coefficient θ is less than 
0.10. From Equation (8) and Figure 11, one can understand that second order 
effect depends on of Story shear (V), gravity axial load (P), inter Story drift (Δ) 
and Story height. For the same building, the ratio Ptot/h remains the same. The 

https://doi.org/10.4236/ojce.2018.84030


H. G. Kabtamu et al. 
 

 

DOI: 10.4236/ojce.2018.84030 442 Open Journal of Civil Engineering 

 

effect of change in base fixity is noted in the ratio of story drift to storey shear 
(Δ/Vtot). This effect can be shown in Figure 12(a) and Figure 12(b) for S7 and 
S12. 

 

 
Figure 11. P-delta effect on column. 

 

 
Figure 12. Second order effect in S7 (a) and S12 (b). 
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0.10tot

tot

P
V h

θ
⋅∆

= ≤
⋅

                        (8) 

where 
θ is the inter Story drift sensitivity coefficient; 
Ptot is the total gravity load at and above the Story considered in the seismic 

design situation; 
Δ is the design inter story drift, evaluated as the difference of the average lat-

eral displacements ds at the top and bottom of the Story under consideration and 
calculated in accordance with 4.3.4 of ES8-2015 [9]; 

Vtot is the total seismic Story shear; and 
h is the inter story height. 
Figure 12(a) and Figure 12(b) show sensitivity coefficient of flexible base and 

fixed base. (Figure 12(a)) S7 for soil D SSI-DM sensitivity coefficient θ is 52% 
and 284% of fixed base sensitivity coefficient at the bottom and top Story respec-
tively. On the other hand, for soil IV, 218% and 324% for the corresponding sto-
ries in direct method. Furthermore, for soil D spring model the sensitivity coef-
ficient can be 481% and 223% bottom and top stories respectively. On the other 
hand, for soil IV spring model it is 477% and 256% bottom and top Story. 

In addition, Figure 12(b) shows, for S12 the things are somewhat different 
than S7, for half space model SSI-DM soil D sensitivity coefficient θ is 56% and 
148% of fixed base in bottom and top Story respectively, that shows P delta effect 
smaller bottom Story. Nevertheless, for soil IV it is different case, 143% and 341% 
greater than fixed base, bottom and top Story respectively. In both soils, P delta 
effect tends to decrease at bottom Story than top, however soil D is far more 
small, effect of response spectrum ES8-2015 and while IV, response spectrum 
GB50011-2010. For SSI-WS, spring model with soil D for S12 sensitivity coeffi-
cient θ is 478% and 220% of fixed base in bottom and top Story respectively. On 
the other hand, soil IV it is 659% and 337% greater than fixed base, bottom and 
top Story respectively. This shows both spring as well as half space models have 
their own advantage and disadvantage in SSI modelling. 

5. Conclusions 

This study shows both flexible base models give bigger fundamental period of 
vibration and drift with reduced base shear than fixed base, good agreement with 
seismic codes provisions [10] [11] [12] and previous studies [5] [22] [27]. Fur-
thermore, this study indicates that the drift, P-Δ effect and Story shear vary 
along the height of building from bottom to top stories differently. Because 
P-Delta effect shows the combined effect of the story shear, drift, storey height 
and story axial load. The spring model gives larger Story drift and second order 
effect at the bottom stories for both soils D and IV, which is detrimental effect 
maximized at bottom stories. Conversely, half space direct method gives some-
what reverse to spring model, and gives larger Story drift and P-delta effect in 
the top stories. This may be the direct method due to higher mode effect for 
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mass participation factor of 90% than spring model. 
In addition, closer examination of spring model of ground motion effects of D 

and IV on model frames S7 and S12 is different. The smaller ground motion 
with soil D gives bigger story drift, P-delta effect and Story shear on S7 than S12 
while larger ground motion with Soil IV shows the opposite. This indicates big-
ger earthquake effect more on taller than short building. Because soil IV ground 
motion (Chinese GB50011-2010) is greater than soil D (Ethiopian ES8-2015), 
which is related to the design response spectrum of the corresponding seismic 
codes magnitude. 

To sum up, SSI effect may not be always beneficial in multi-story RC frame 
compared to fixed base. Because the beneficial effect reduction in base shear may 
be smaller than detrimental effect of P-delta increment on vertical load carrying 
members. The results obtained in this study is limited to linear time history 
analysis regular 2D RC frame; however it is good indicator of SSI effect; further 
study can be made in future to take non linearity effect both in structure and 
soil. 
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