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Abstract: In a typical building design, the interaction between building and surrounding soils is 

often ignored. Since soil is deformable and has limited capacity to resist loads, this interaction, 

called soil-structure interaction (SSI), could alter building responses, especially during earthquake 

loadings for buildings with significant basement depths. In this study, a 10-story reinforced 

concrete building with 3-level basement was used to evaluate the effects of SSI on building during 

earthquakes. Dynamic time response analyses were performed using earthquake time histories 

scaled to a design response spectrum for a Surabaya, Indonesia, location. Soil responses during 

earthquakes were modeled using nonlinear hysteresis normal and elastic-perfectly plastic 

frictional soil springs, developed using the hardening soil with small strain stiffness model. Depth-

varying ground motions were also applied along the basement depth. The results show 

inconclusive SSI effects, where some of the time histories produce greater base shears and inter-

story drifts when SSI is considered, while others show the opposite results. 
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Introduction   
 

In an urban setting, where land is limited, higher 

buildings with significant basement depth are often 

built to maximize the land use. Design of these 

structures typically assumes a fixed base or a hinge 

base, an assumption that could be very different from 

the reality. Soils supporting the structure can deform 

vertically and horizontally (i.e., not a fixed base), and 

hence, may impact structural behavior, especially 

during earthquakes. The interaction between struc-

ture and soil is commonly called soil structure 

interaction (SSI). SSI considerations result in a longer 

structural fundamental period and may increase or 

decrease the base shear, depending on the structural 

flexibility, as shown in Figure 1 [1]. A lower base 

shear means lower internal forces on the structural 

elements, which translate to lower construction costs. 

 

Past studies have shown the significant effects of SSI 

on structural responses during earthquakes [2-6].  
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Figure 1. SSI Effects on Structural Base Shear [1] 

 

In general, these studies adopted the following two 

approaches to analyze the effects of SSI on a 

structure: (1) the direct method, where soils and 

structure are modeled together, and (2) the indirect 

method, where soil behaviors are represented using 

springs. For example, Dabhi et al. [2] evaluated seve-

ral multi-story buildings with basements using the 

indirect method and linear soil springs obtained using 

the procedures as outlined in the FEMA 356 publi-

cation [7]. The results indicated longer structural 

fundamental periods (as expected) and significant 

reduction in structural base shear and moment when 

SSI is considered. Other study by Khoueiry and 

Khouri [3] analyzed multi-story structures with up to 

7 basement levels. In Khoueiry and Khouri’s study 

[3], the direct and indirect analysis methods with and 

without SSI were both considered for structures on 

hard, dense, and soft soils. The soil model used was 

the simple linear-elastic-perfectly-plastic Mohr-
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Coulomb model. Two observations can be made from 

this study: 1) importance of SSI for tall buildings, 

especially for buildings on soft soils (soil class E) and 

2) the structural top displacement and natural 

frequency computed using the direct method are 

similar to those obtained using the indirect method 

with proper considerations of SSI.  

 

This current study evaluated a 10-story reinforced 

concrete building with 3-level basement. The indirect 

method was used, where soil responses or springs 

against the basement wall movements during earth-

quakes were developed using the finite element 

computer program PLAXIS [8] by considering the 

nonlinear hysteresis hardening soil with small strain 

stiffness soil model. This soil model can reasonably 

capture the nonlinearity and hysteretic behaviors of 

soil. Both the normal and frictional soil springs were 

developed for the basement walls and bottom slab. In 

addition, depth-varying ground motions were applied 

along the basement walls to account for the variation 

of ground motions with depth. Dynamic time 

response analyses were performed using 5 (five) 

earthquake time histories recorded during past 

earthquakes. These time histories were scaled to a 

stiff soil design response spectrum for a location in 

Surabaya, Indonesia, and propagated upward to the 

ground surface. Seismic performances in terms of 

building inter-story drift and base shear were used to 

assess the effects of SSI.   

Development of Soil Springs 
 

As stated before, soil springs for the analysis were 
developed using the computer program PLAXIS [8]  
by considering the nonlinear hysteresis Hardening 
Soil with Small Strain Stiffness soil model. The soil 
model parameters were calibrated using the available 
soil data obtained from soil borings drilled at the 
location considered in this study [9].  
 

Soil Data and Soil Parameter Calibration 
 

The available soil boring data indicate the subsurface 
soils consist mostly of clayey soils, underlying ±4.5 
meters of clayey fine sands. Table 1 summarizes the 
idealized soil profile and engineering parameters 
obtained from the soil borings, laboratory testing 
results and correlations with SPT N-values. Ground-
water was taken at 1 (one) meter below the ground 
surface. The undrained shear strength, Su, and the 
small-strain shear wave velocity, Vs, were estimated 
using the following published correlations with SPT 
N-values: 

𝑆𝑢 = 𝑃𝑎  × 0.29 𝑁60
0.72 [10]  (1) 

Where Pa  is atmosphere pressure (101.325 𝑘𝑁
𝑚2⁄ ), 

and N60 is SPT N-values normalized to a 60% ham-
mer energy efficiency. 

 𝑉𝑠 = exp[ 𝛽0 + 𝛽1 ln(𝑁60) + 𝛽2 ln (𝜎𝑣
′)]   [11]  (2)  

where 𝜎𝑣
′  is effective vertical stress and   is the regres-

sion parameter shown at Table 1. 

Table 1. Idealized Soil Profile and Engineering Parameters 

Layer depth (m) N60 (blows/30cm) sat (kN/m3)   (deg) Su (kN/m2) 

Layer 0 - Compacted Fill 
  0 75 

20.42 38 
0 
   1.5 75 

Layer 1 - Clayey Fine Sand 

  1.5 2 

16.23 38 

 
0 
 
 

  3 3 
  4.5 3 
  6 2 

Layer 2 - Grey Clay 
  6 2 

17.49 0 
48 

  7.5 3 65 
  9 4 80 

Layer 3 - Grey Clay 
  9 4 

17.49 0 
80 

10.5 9 143 

Layer 4 - Silty Grey Clay 

10.5 9 

17.49 0 

143 
12 11 165 
13.5 12 176 
15 14 196 

Layer 5 - Dark Brown Grey 
Clay 

15 14 

17.49 0 

196 
16.5 16 216 
18 20 254 
19.5 13 186 
21 17 226 

Layer 6 - Silty Brown Clay 

21 17 

17.49 0 

226 
22.5 17 226 
24 20 254 
25.5 16 216 
27 19 245 
28.5 16 216 
30 19 245 
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The maximum shear modulus, 𝐺𝑚𝑎𝑥, was then 

obtained from   𝑉𝑠, as follow: 

𝐺𝑚𝑎𝑥 = 𝑉𝑠
2  × 𝜌 = 𝑉𝑠

2 × 𝛾𝑡/𝑔     (3) 

where g is gravity acceleration and 𝛾𝑡 is total unit 

weight.  

 

The estimated   𝑆𝑢 , and   𝑉𝑠 values with depth are 

listed in Table 2 and plotted on Figure 2 (solid blue 

line), respectively. 

 
Table 2. Regression Parameter 

Soil type β0 β 1 β 2 

Sand 4.045 0.096 0.236 

Silt 3.783 0.178 0.231 

Clay 3.996 0.230 0.164 

 

The Hardening Soil with Small Strain Stiffness soil 

model in PLAXIS [8] is a nonlinear soil model capable 

of simulating cyclic soil responses during earthquakes 

(i.e., initial loading, unloading and reloading). The 

model has adopted a stress-dependent shear modu-

lus: 

𝐺𝑚𝑎𝑥 = 𝐺𝑚𝑎𝑥
𝑟𝑒𝑓

[
𝑐×𝑐𝑜𝑠∅−𝜎3

′×𝑠𝑖𝑛∅

𝑐×𝑐𝑜𝑠∅+𝑝𝑟𝑒𝑓×𝑠𝑖𝑛∅
]

𝑚

  (4) 

 

The reference stress, pref, was taken as 100 kN/m2 and 

m was set to 0.5 for sandy soils and 1 for clayey soils. 

The calibration of the soil model was carried out by 

adjusting the reference shear modulus, 𝐺𝑚𝑎𝑥
𝑟𝑒𝑓

 for each 

soil layer untill the Gmax values matched reasonably 

well with those estimated from the soil data. Figure 2 

compares the   𝑉𝑠 values (derived from Gmax through 

Eq. 3 above) estimated from the soil model and soil 

data (SPT N-values). As can be seen from Figure 2, 

the   𝑉𝑠 values predicted by the soil model match well 

to those obtained from the soil data.  

 

 
Figure 2. Comparison of Small-strain 𝑉𝑠 Profile obtained 

from Soil Data and Soil Model 

 

Soil Springs   
 

To develop the nonlinear hysteresis soil normal 

springs, the finite element computer program 

PLAXIS [8] and the calibrated Hardening Soil model 

were used. The soil normal springs were developed by 

pushing the basement wall back and forth (i.e., by 

applying a cyclic wall displacement against the soils) 

and recording the corresponding soil pressures at the 

wall-soil interface. The soil normal spring, as a 

function of wall movement or deflection, was then 

defined as the ratio of soil pressure or force over a unit 

of wall deflection. The estimated relations between 

wall movement and force are plotted in Figures 3 and 

4 for the bottom slab and at select depths along the 

basement wall, respectively. These figures clearly 

show the nonlinear and hysteresis behavior of soil 

springs. It should be noted that the calculated soil 

responses for depths less than ±5 meters are not well-

behaved; likely due to the low stiffness (𝑉𝑠 of about 120 

m/s) of the clayey fine sands. For the frictional spring, 

a linear perfectly plastic load-deflection curve was 

used, obtained by multiplying a frictional coefficient 

to the normal force, as depicted on Figure 5. 

 

For the structural dynamic analysis, the soil springs 

are represented by the Link Elements in the 

structural program SAP2000 V.21 [12]. These Link 

Elements are then connected to nodes that represent 

soils, where seismic ground displacements are 

prescribed.  Therefore, these Link Elements need to 

be calibrated, so their responses are similar to those 

observed in the PLAXIS model. Links were installed 

at 1.5 m and 6 m spacings along the basement walls 

and basement slab, respectively.  These spacings were 

selected by considering the soil layer thicknesses 

along the walls and the column spans. Figure 3 and 4 

depicts the force-displacement relations calculated 

using the Link Elements in SAP2000 [12], illustrating 

reasonable matches in force-displacement relations 

predicted by the PLAXIS [8] and SAP2000 models 

[12], except for link on basement wall with depths less 

than ±5 meters.  

 

Depth-Varying Ground Motions 
 

The depth-varying earthquake ground motions along 

the basement wall were calculated using the one-

dimensional (1D) site response analysis.  

 

 
Figure 3. Load-deflection Curve for Soil Normal Spring 

Calculated for Basement Bottom Slab 
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(a) depth=0.75 m    (b) depth = 2.25 m 

 
(c) depth = 3.75 m    (d) depth = 5.25 m 

 
(e) depth = 6.75 m    (f) depth = 8.25 m 

 

 
(g)  depth = 9.75 m 

 

Figure 4. Load-deflection Curves for Soil Normal Springs Calculated at Select Depths Along Basement Wall 
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Figure 6. Comparison of Target and Scaled Time History 

Response Spectra 

 

Table 3 lists the 5 (five) time histories recorded during 

past earthquakes and used for the analysis.  The 

selection of these time histories was based on the fault 

mechanisms that control the seismic hazards in 

Surabaya, as well as the controlling magnitudes and 

distances [13].  These selected time histories were first 

scaled, so that their average response spectral values 

in the period range of interest (0.5 T to 1.5 T, where T 

is the structural fundamental period) matched well to 

those of a target spectrum for a location in Surabaya 

and a soil site class D (stiff soil site). Figure 6 com-

pares the target design spectrum and the response 

spectra calculated from the scaled time histories. 

 

These scaled time histories were then inputted at a 

depth of 60 meters on a stiff soil and propagated 

upward in the site response analysis to obtain the 

depth-varying earthquake ground displacement time 

histories along the basement wall. The site response 

analysis was conducted using the computer program 

Deepsoil V.7. [14], and the calculated ground displace-

ment time histories at select depths along the base-

ment wall are plotted in Figure 7 for the 1999 Chi-Chi 

earthquake record. Similar displacement time histo-

ries were also obtained for the other earthquake 

records.  

 

 

Figure 7. Calculated Ground Displacement Time Histories 

at Select Depths along Basement Wall for the 1999 Chi-Chi 

Earthquake 

Figure 1.  

Figure 2. Calculated Ground Displacement Time Histories at Select Depths along 

Basement Wall for the 1999 Chi-Chi Earthquake 

 

(a) Base slab     (b) Basement wall 

Figure 5. Load-deflection Curves for Soil Frictional Springs Calculated at Select Depths along Basement Wall and Base 

Slab 

 

Table 3. Earthquake Time Histories used for the Site Response Analysis [15] 

Earthquake Year Station Magnitude Mechanism 
Rrup Vs30 

(km) (m/sec) 

Northridge-01 1994 Alhambra - Fremont School 6.69 Reverse 37 550 

Imperial Valley-02 1940 El Centro Array9 6.95 strike slip 6 213 

Kobe_ Japan 1995 Takatori 6.9 strike slip 1.5 256 

Kocaeli_ Turkey 1999 Tekirdag 7.51 strike slip 165 522 

Chi-Chi_ Taiwan 1999 CHY002 7.62 Reverse Oblique 25 235 

Notes: Rrup = rupture distance; Vs30 = time-averaged Vs in the top 30 m. 
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Structural Dynamic Time Response 

Analysis 
 

As stated previously, the building analyzed for this 

study is a typical 10-story reinforced concrete office 

structure with basement in Surabaya, Indonesia, 

founded on stiff soils (soil site class D). The building 

floor plan and height were chosen based on a simple 

check for SSI considerations that includes embed-

ment depth, upper structure height and natural 

period, and average shear wave velocity [16]. In this 

check, when the structure effective height devided by 

shear wave velocity (𝑉𝑠) and building period (T) is 

greater than 0.1, SSI should be considered. 

 

Structural Dimension and Data 

 

Figure 8 depicts the selected building floor plan and 

structural data. The column and beam dimensions 

were determined based on the anticipated dead and 

live loads for an office building [17]. 

Table 4 and Figure 9 describe the four (4) types of 

building-foundation soil connection analyzed for this 

study to evaluate the effects of SSI on building 

seismic responses. The fourth model (nonSSI-2) is 

the simplest structural model, and it is the most 

commonly used in practices. Also listed on Table 4 are 

the fundamental periods calculated for these struc-

tural models. The periods are quite similar, with that 

calculated for structure with SSI being slightly longer. 

This is due to the use of the initial (maximimum) soil 

spring stiffness in calculating these fundamental 

periods.  However, during earthquake shaking and as 

the soil spring degrades, the period of structure with 

SSI will gradually become longer. 

 
Structural Seismic Performances 

 

Dynamic structural time response analyses were 

conducted to evaluate the effects of SSI on building 

seismic performances. The effects of SSI were 

assessed in terms of inter-story drift and structural 

 
 

Figure 8. Seleted Building Floor Plan and Structural Data 

 

Table 4. Building-foundation Soil Connections Analyzed for This Study 

Case ID Case Descriptions 
Initial Fundamental Period 

(seconds) 

SSI-1 Considers SSI (soil springs) and depth-varying ground motions 2.03 

SSI-2 Considers SSI (soil springs) and uniform ground motions 2.03 

NonSSI-1 Considers fixed connections along basement walls and uniform ground motions 1.95 

NonSSI-2 Considers fixed connections at top of basement and uniform ground motions 1.91 

Notes: For the cases with uniform ground motions, the ground motions calculated at the top of basement were used. 
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base shear. The structural elements (i.e., beams, 

columns, slabs and walls) were modeled as linear 

elastic elements, with no hinges or plastic deforma-

tions allowed to develop during shaking. In reality, 

plastic hinges will likely develop in columns and/or 

beams during strong ground shakings, which in turn, 

will absorpt the earthquake energy due to material 

ductility and will reduce the element forces. Based on 

SNI 1726:2019 [18], to account for this reduction in 

forces due to ductility in reinforced concrete, the input 

ground motions for the structural analyes were 

reduced by a factor of 8 (an R-factor of 8).  

 
SSI-1 and SSI-2                                                 NonSSI-1                                                          NonSSI-2 

 

Figure 9. Building-foundation soil Connections Analyzed for This Study 
 

  
(a) 1999 Chi-Chi (b) 1940 Imperial Valley 

 
 

(c) 1995 Kobe (d) 1999 Kocaeli 

 
(e) 1994 Northridge 

Figure 10. Calculated Inter-story Drifts 
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Inter-Story Drifts 

 

Figure 10 shows the building inter-story drifts calcu-

lated for the 4 (four) structural models and 5 (five) 

earthquake time histories. The building inter-story 

drifts were taken at the time-step when the largest 

drift ratio occured. Furthermore, to account for the 

anticipated building inelastic behavior, the calculated 

drifts were multiplied by a deflection magnification 

factor, Cd, of 5.5 and divided by  the seismic impor-

tance factor, Ie, of 1.0 [18]. The results indicate the 

following: 

1. When SSI is considered, 3 (three) of the time 

histories (the 1999 Chi-Chi, 1940 Imperial Valley 

and 1995 Kobe earthquakes) predict smaller inter-

story dirfts, while the other 2 (two) records (the 

1999 Kocaeli and 1994 Northridge earthquakes) 

result in larger drifts.  

2. The use of depth-varying ground motions along 

the basement wall has insignificant effects on 

drifts, except for the 1999 Chi-Chi earthquake and 

to a lesser degree for the 1940 Imperial Valley 

earthquake. 

3. The calculated drifts are very similar for the two 

non-SSI models (NonSSI-1 and NonSSI-2), as 

expected, since the building is effectively fixed at 

the top of basement. 

4. The maximum drifts occur on floor level 3 or 4 and 

all calculated drifts are less than 1.1%, which is 

below the design limit of 2% for risk category I 

structures set by the SNI 1726: 2019 [18]. 

 
Structure Base Shear 

 

The structure base shear was taken by first summing 

all the base shears in the columns at each earthquake 

loading increment, and then taking the absolute 

maximum value. Figure 11 and Table 5 summarize 

the structural base shears calculated for the 4 (four) 

analysis models and 5 (five) earthquake time histo-

ries. 

 

As for the inter-story drift, similar results are obser-

ved for the structural base shear: 

1. When SSI is considered, 3 (three) of the time histo-

ries (the 1999 Chi-Chi, 1940 Imperial Valley and 

1995 Kobe earthquakes) predict smaller base 

shears, while the other two records (the 1999 

Kocaeli and 1994 Northridge earthquakes) result 

in larger base shears. 

2. A reduction of about 40% in base shear is observed 

for the 1999 Chi-Chi earthquake when SSI and 

depth-varying ground motions are considered 

(±235 KN versus ±380 KN; see Table 5). 

3. The use of depth-varying ground motions along 

the basement wall has insignificant effects on base 

shears, except for the 1999 Chi-Chi earthquake. 

4. The calculated base shears are similar for the two 

non-SSI models (NonSSI-1 and NonSSI-2), as 

expected. 
 

 

Figure 11. Calculated Base Shears 

 
Looking at Figure 6, 2 (two) of the earthquake time 

histories that result in smaller drifts and base shears 

are those below the target spectrum for periods less 

than ±1 second (outside the range of spectral scaling), 

while the other two that produce larger drifts and 

base shears are those scaled above the target for 

periods less than 1 second. These results may suggest 

that current practice of scaling the time history only 

within a limited period range of interest around 

building fundamental period may lead to inconsistent 

results and highlight the importance of selecting 

records with similar spectral shape.  

 

Conclusion 
 

This study attempts to evaluate the effects of SSI on 

a typical reinforced concrete office building in 

Surabaya, Indonesia. The SSI was modeled using soil 

 

Table 5. Calculated Base Shears 

Type → SSI-1 SSI-2 NonSSI-1 NonSSI-2 

Earthquake Name 
Base Shear 

(kN) 

Time Step 

(sec) 

Base Shear 

(kN) 

Time Step 

(sec) 

Base Shear 

(kN) 

Time Step 

(sec) 

Base Shear 

(kN) 

Time Step 

(sec) 

1999 Chi-Chi 234.59 40.88 361.78 42.00 380.69 41.84 383.88 41.81 

1940 Imp. Valley 358.48 20.93 358.97 20.96 376.12 20.81 372.55 20.77 

1995 Kobe 320.09 23.84 313.00 22.80 346.30 24.61 355.66 25.50 

1999 Kocaeli 309.14 39.51 317.61 39.44 266.63 39.37 261.12 39.35 

1994 Northridge 376.44 42.92 369.84 41.82 296.76 41.70 294.09 41.68 

*Time Step= the time when absolute maximum total base shear happened 
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springs and the indirect analysis method, where the 

structure and soils were modeled separately. To 

simulate the nonlinear soil spring behavior, the finite 

element computer program PLAXIS [8] and the 

nonlinear hysteresis Hardening Soil with Small 

Strain Stiffness soil model were used. The nonlinear 

soil model was calibrated using the soil data collected 

for a site in Surabaya. 

 

Structural dynamic time response analyses were 

performed using earthquake time histories recorded 

during past earthquakes to assess the building 

seismic performances, in terms of inter-story drift and 

base shear. The results show some of the time 

histories predict larger base shears and maximum 

inter-story drifts when SSI is considered, while others 

show the opposite results. These results indicate that 

the effects of SSI on building seismic performances 

could be insignificant or inconclusive in some cases. 

For this study, this may be due to the fact that the 

design earthquake ground motions are relatively low 

(after a R-value of 8 is applied), the basement is stiff, 

and the soil underneath the basement is dense, 

resulting in small rotation and/or racking of the 

basement, and hence, insignificant SSI between the 

basement and the surrounding soils. The selection of 

earthquake time histories is also found to be an 

important factor. 

 

For future studies, it is recommended that improve-

ments could be made to better assess the effects of SSI 

on building seismic performances, including use of 

nonlinear structural elements and softer foundation 

soils and assessments of SSI effects as a function of 

relative stiffness between basement and surrounding 

soils. 
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