
 

1 

 
 

DYNAMIC ANALYSIS OF SAKARYA - KARASU REGION USING 
NUMERICAL MODELLING (FLAC 3D): A CASE STUDY 

 
Özlem Balcıoğlu1 and Ece Eseller-Bayat2 

 
 

ABSTRACT 

The aim of this study is to investigate foundation soil of a hospital building in Sakarya-Karasu 
Region. The foundation soil with saturated silty sand was analyzed as analytical and numerical under 
static and dynamic loads. Soil properties were determined by using site investigation studies. In this 
study, acceleration time histories were received from record of SKR station from 1999 Kocaeli 
Earthquake. Firstly analytical analyses were performed and bearing capacity, settlements and potential 
liquefaction problems were evaluated. Numerical analyses of the foundation soil and the soil profile 
were performed by FLAC 3D, which is a numerical modelling program based on finite difference 
method. In static analysis with FLAC 3D, the settlement analysis were performed to determine static 
stability of the building foundation as well as to ensure static equilibrium for numerical analysis. 
Settlements, stress, strain and pore pressures were determined by evaluating results of 3D dynamic 
numerical analyses for the cases with and without the foundation load. By comparing the results of 
numerical analysis with data from analytical results, vertical settlements are compatible with 
settlements obtained from the analytical analysis. Also, numerical solutions indicate that vertical 
settlements are compatible with settlements obtained from analytical liquefaction analysis during the 
ground response analysis without the foundation load. Horizontal displacement obtained from FLAC 
3D is nearly consistent with the horizontal displacement in the ProShake. The results from FLAC 3D 
liquefaction analysis shows that the liquefaction does not develop in terms of the values of ru. It can be 
said that results of FLAC 3D analysis is not seen compatible with results from the Simplified 
Procedure Method. 

INTRODUCTION 

The hospital building is planned to be constructed in Sakarya Region, which is one of the most 
seismically active regions in Turkey. The hospital building will be founded on beach silty sand and 
need to be investigated in terms of bearing capacity, settlement problems, as well as seismic behaviour 
and possible liquefaction related problems during an earthquake. The record used for study is the bed 
rock record of SKR Station from Kocaeli Earthquake, 1999. The model input ground motion was 
determined by using ProShake, Ground Response Analysis Program. 

In this study, investigation results were presented as both analytically and numerically. In 
analytical analysis in the soil, bearing capacity and settlements resulting from the building load and 
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settlements and liquefaction resulting from dynamic loading were considered. For numerical 
modelling of the soil, the FLAC 3D was used for the cases with and without the foundation load. For 
static analysis and ground response analysis, Mohr Coulomb Model was used. The liquefaction 
analysis was simulated with Finn Model. With the numerical modelling, settlements, stress, strain, 
pore pressure values were determined. Results of the numerical analysis and analytical analysis were 
compared with each other.  

SITE INVESTIGATIONS AND SOIL PROPERTIES 

A map of the site and locations of the soil investigation test areas are shown in Figure 1. The 
soil investigations for this project include 6 Standard Penetration Tests (SPT), 5 Cone Penetration 
Tests (CPTs) and laboratory works. During the study, the CPT results were found more confident and 
accurate than the SPT results. Therefore, the CPT results were considered in determination of the soil 
parameters. N1(60) values of the silty sand were designated by table showing CPT-SPT correlation with 
grain size (Robertson et al., 1983). The soil parameters obtained from these results for static and 
dynamic analysis are given in Table 1. Three types of soil with various fundamental condensations 
were used: loose, med dense and dense silty sand. 

 

 
Figure 1. Location and the layout of the hospital building in Karasu Region. 

 
Table 1. Soil properties summary of the site 

Soil Depth (m) ɣ 
(kN/m³) 

c (kN/m²) ϕº N1(60) E (kN/m²) K 
(kN/m²) 

G 
(kN/m²) 

Gmax 
(kN/m²) 

Loose Silty Sand 0 – 2,40 19,00 0 29 5,7 10000 6667 4000 28236 
Med Dense Silty Sand 2,40 – 10,50 19,00 0 32 12,9 22500 18750 8653 67169 

Dense Silty Sand 10,50 – 20,00 19,00 0 36 23,6 41250 34375 15865 106283 

CHARACTERISTICS OF SAKARYA GROUND MOTION RECORD  

The record used for study is the bed rock record of SKR Station from the Kocaeli Earthquake, 
1999. The SKR Station Record was received as corrected acceleration time history from UC Berkley’s 
PEER Strong Motion Database. The acceleration, velocity and displacement time histories at bedrock 
obtained from the ProShake are shown in Figure 2.  

The model input ground motion was determined by using the ProShake, Ground Response 
Analysis Program. To obtain the input ground motion record being at a depth of 30 m, a soil model 
starting surface and ending at 80 m depth were described by the help of the ProShake. Thus, the 
acceleration, velocity and displacement time histories at depth of 30 m were given in Figure 3.  
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Figure 2. The acceleration, velocity and displacement time histories at bedrock obtained from the 
ProShake  

 

 

 
 

Figure 3. The acceleration, velocity and displacement time histories at depth of 30 m obtained from 
the ProShake  
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ANALYTICAL ANALYSES 

Static Analysis 
 

The bearing capacity and settlement analysis were performed to determine static stability of the 
building foundation and to make certain the static equilibrium for the numerical analysis. According to 
the preliminary evaluations, raft foundation was determined as the foundation type of the building. 
The building load transferred to the ground was designated as 225 kN/m2. As a result of the static 
analysis in unimproved soil based on Meyerhof (1963) bearing capacity criteria, bearing capacity of 
soil was calculated as 660 kN/m2 and maximum settlement value of soil was determined to be 25,6 cm 
based on strain influence factor method proposed by Schmertmann et al.(1978), showed in Equation 1.  

 

                                                             
2

1 2
0

B
z

e
s

IS C C q z
E

                                                                  (1) 

 
q net effective pressure applied at the level of the foundation 

0q  effective overburden pressure at the level of the foundation 

1C  correction factor for embedment of foundation= 01 0.5 q
q

  

2C  correction factor to account for creep in soil=1 0.2log
0.1
t   

 
 

t  time, in years 
2s cE q  

cq  cone penetration resistance 
 

Liquefaction Analysis  
 

The foundation site was investigated dynamically in terms of the liquefaction point of view.  
For the analytical analysis, simplified procedure was used for evaluation of induced Cyclic Stress 
Ratio (CSR) through the depth, as expressed in Equation 2 (Seed and Idriss, 1971).  

 d
v

v

v

av r
g

aCSR '
max

' 65.0






         (2) 

Determination of Cyclic Resistance Ratio (CRR) was explained based on Conic Penetration 
Tests (Youd, et al., 2001), as given in Equation 3 (Liao and Whitman, 1986). Stress reduction factor, rd  
supposed Blake (1996) was used in calculations. Juang, et al. (2003b) proposed equation 5 and 6 to 
obtain CRR.  
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                        (6) 

The factor of safety against liquefaction can be written as expressed in Equation 7. FS for each of CPT 
were showed in Figure 4 by using explained calculations. 
                                 

                                                             L
CRRFS
CSR

                                                              (7) 

 
Figure 4. Changing of the Factor of Safety obtained Liquefaction calculations with depth 

Calculations of volumetric compression of unimproved soil following liquefaction during the 
earthquake were performed using Tokimatsu and Seed (1987) method, as given in Equation 8. 
Settlements evaluated after the liquefaction could reach up to 21,8 cm (Table 2). 

                                                       0.333 ' 0.50
max 1 6020,000 ( ) ( )mG N                                                     (8) 

 
maxG  shear odulus at a low strain level, lb/ft2 

1 60( )N  standard penetration test N value corrected for field testing procedures and overburden 
pressure 

'
m mean principal effective stress, defined as the average of the sum of the three principal effective 

stresses, or ' ' '
1 2 3( )    /3. For geostatic condition and sand deposit that has not been preloaded. 

 

Table 2. Settlement Calculations Using the Tokimatsu and Seed (1987) Method 

 

Layer 
Number

σvo'=σv' 
(lb/ft2) (N1)60 Gmax (lb/ft2)

ɣeff 
(Geff/Gmax) ɣeff

%ɣcyc=100ɣ
eff εv

Multidirectional 
shear=2εv

Multiply by 
VSR

Settlement, 
in

(1) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1 119.016 5.7 318842.642 0.00010 0.00010 0.010 0.050 0.100 0.098 0.278
2 407.16 5.7 589734.149 0.00018 0.00020 0.020 0.160 0.320 0.314 2.667
3 1337.364 12.9 1402873.736 0.00022 0.00022 0.022 0.040 0.080 0.078 3.000
4 2239.38 23.6 2219785.405 0.00020 0.00028 0.028 0.030 0.060 0.059 2.639

Total 8.584 in
21.803 cm
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NUMERICAL ANALYSES 

Static Analysis 
 

For numerical analysis of the building foundation and the soil profile, a finite difference 
numerical modelling program FLAC 3D (Fast Lagrangian Analysis of Continua, Itasca Group) was 
used. In the static analysis, depth of the 3D model was 80 m, x-y directions of model was determined 
as length of 440-160 m. Also, dimensions of the foundation being on the model were 110 (x direction) 
and 40 meters (y direction). The foundation load on the soil model was 225 kN/m2. Maximum 
settlement obtained from Flac3D analysis was determined as 24 cm, which is compatible with the 
settlement obtained from analytical analysis. Vertical settlements in 3D model and in a cross- section 
through the foundation width are shown in Figures 5(a) and 5(b).  

 
 

 Figure 5 (a) and (b). Vertical settlement (m) distribution in the foundation soil modelled in FLAC 
3D.   

 
Ground Response Analysis 
 

In ground response analysis, Mohr Coulomb constitutive model was used and the dynamic input 
can be applied in as velocity history. The model input ground motion was determined by using 
ProShake and velocity time history at depth of 30 m was obtained. Thus, dimensions of the dynamic 
model were selected as 440 (x direction), 160 (y direction) and 30 (z direction) meters. In this study, 
Free Field Boundary Conditions used were showed in Figure 6 and hysteretic damping default model 
composed of two parameters in FLAC 3D was used. Figure 7 shows vertical and horizontal 
displacements resulting from earthquake shaking at the surface and centre of the model. Maximum 
horizontal displacement of approximately 190 cm in the x-direction and 3,7 cm in the y-direction were 
determined in the FLAC 3D. Also, negative (z) displacements – (settlements) were estimated as 18 cm 
at the free field. From these figures indicate that vertical settlements are compatible with settlements 
obtained from the analytical liquefaction analysis during the ground response analysis. Contour of 
maximum shear stress (Pa) and contour of maximum shear strain rate in 20 second during ground 
response analysis in FLAC 3D is given in Figure 8 (a) and (b). The maximum shear stresses are 
determined as in the range of 70 – 130 kPa at 20 m depth, 60 – 75 kPa at 10 m depth and 10 – 20 kPa 
at the surface. Shear strain results change in the range of % 2.5 and % 0.1 and the shear strain is higher 
values. As shown in Figure 9, there is an increase as expected in the vertical stress, szz, with the 
foundation load effect. Vertical stress is 225 kPa at the foundation level and increases to 1300 kPa at 
about 30 m depth. 
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Figure 6. Model for seismic analysis of surface structures and free-field mesh (ITASCA, 2009).  
 

 
 

Figure 7. Displacements in direction of x, y and z at center and surface of the model during ground 
response analysis in FLAC3D. 

 

 

Figure 8. (a) Contour of maximum shear stress (Pa) and (b) Contour of maximum shear strain rate in 
20 second during ground response analysis in FLAC 3D. 
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Figure 9. Vertical stress recorded at center of model in the various depth considering effect of the 
foundation load (history 17 at z=0, history 18 at z=5, history 19 at z=10, history 20 at z=15, history 21 

at z=20, history 22 at z=25) (Pa). 

 
Liquefaction Analysis 
 

For modeling the soil with the liquefaction potential, Finn constitutive model was selected to 
evaluate pore water pressures developing in the soil for the cases without and with the foundation 
load. The Finn model parameters were determined for each soil layer for the dynamic analysis. In the 
liquefaction analysis, Byrne formulation proposing a modified and simpler volume change model with 
two parameters (C1, C2) was used. (N1)60 is the main parameter of numerical modeling in the Finn 
Constitutive Model. C2 is calculated from C2=0,4/C1 in this case. The pore water pressure time 
histories and contours of the pore water pressure as a result of the seismic loading (without the 
foundation load) are shown in Figure 10(a) and 10(b). From this figure it can be seen that the pore 
water pressure can reached to 350 kN/m2 in the liquefaction analysis. 

 
                                                         C1=8,7(N1)60

-1,25                                                                   (9) 
 

 
 

Figure 10. (a) The pore water pressure histories (Pa) recorded at the centre of model (history 7 
at z=0, history 8 at z=5 and history 9 at z=10)  (b) The contour of pore water pressure (Pa) in 16 

second during liquefaction analysis in FLAC 3D. 
 

Figure 11 shows that values of excess pore pressure ratio (ru) at different depth generally 
increase rapidly. The ru values change between 0.40 and 0.65 and are not higher for the liquefaction 
potential. Figure 12 shows values of the excess pore pressure ratio (ru) at different depth considering 
effect of the foundation load. It can be seen that the ru values change between 0.15 and 0.55 and 
liquefaction potential is not higher. 
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Figure 11. History of excess pore pressure ratio (ru) during liquefaction analysis in FLAC 3D (without 
the foundation load). 

 
Figure 12. History of excess pore pressure ratio (ru) during liquefaction analysis in FLAC 3D (with 

the foundation load). 

CONCLUSIONS 

This paper is based on investigations in terms of static equilibrium and ground response and 
liquefaction potential during the earthquake. These investigations include in analytical and numerical 
analyses. Based on the analyses carried out the following conclusions are drawn: 

1. The peak ground acceleration is 0,39g at the bed rock and was determined as 0,14g at the 
depth of 30 meter. 

2. According to analytical analysis results, there is not any bearing capacity problem. The 
bearing capacity of foundation soil is higher than the foundation load. 

3. Static settlements values obtained from both the analytical and numerical analyses was seem 
to be approximately similar. Thus, static equilibrium was ensured. 

4. Liquefaction results provided by the analytical solutions show that the liquefaction potential is 
seen only in CPT-2, CPT-4 and CPT-5 and liquefaction does not occur in CPT-1 and CPT-5. 

5. Numerical solutions indicate that vertical settlements are compatible with settlements obtained 
from analytical liquefaction analysis during the ground response analysis without the 
foundation load. 

6. Maximum horizontal displacement of aproximately 190 cm in the x-direction were determined 
in the FLAC 3D. The maximum displacement value is equal to 170 cm in the x direction 
during the earthquake shaking in ProShake. If x displacement obtained from the FLAC 3D is 
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compared with x displacement in the ProShake, it is seen that x displacements (horizontal 
displacement) are nearly compatible. 

7. The maximum shear stress has higher values than others in 20 seconds for without the 
foundation load. The maximum shear stresses are determined as in the range of 70 – 130 kPa 
at 20 m depth, 60 – 75 kPa at 10 m depth and 10 – 20 kPa at the surface. 

8. Shear strain results change in the range of % 2.5 and % 0.1 and the shear strain is higher 
values can cause negatively effect on the building. 

9. The results from FLAC 3D liquefaction analysis shows that the liquefaction does not develop 
in terms of the values of ru. It can be said that results of FLAC 3D analysis is seen contradict 
with results from the Simplified Procedure Method.  

10. It can be seen that the ru values change between 0.15 and 0.55 and are not higher for the 
liquefaction in considering the effect of the foundation load.  
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