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LIQUEFACTION POTENTIAL EVALUATION OF SANDS FROM NPP SITES  

APPRECIATION DЕ LIQUEFACTION DES SABLES DU SITE DES С Е N  

Т. Germanov  V. Kostov 

Department of Geotechnics  
University of Architecture and Civil Engineering  
Sofia, Bulgaria  

SYNOPSIS: The results of the laboratory and in situ tests for evaluating the liquefaction 
potential of fine-grained sands from sites of two NPP in Bulgaria are presented. The 
laboratory tests were carried out in an apparatus with wide range of possibilities for 
cyclic loading, specimen’s size and accuracy of measuring. Relations of the cyclic stress 
ratio versus number of cycles to liquefaction for different types and densities of fine 
sands are given. An approximate assessment of the liquefaction potential is made applying 
а simplified procedure after the methods of H. B. Seed and К. Ishihara. А comparison is 
made using SPT data. 

 
1. INТRODUCTION. 
 
The major part of electric power in 
Bulga1ria is generated by Nuclear Power 
Plants. On the other hand, situated on the 
Balkan Peninsula, Bulgaria is situated in 
а highly seismic area. Construction is 
carried out in regions of different ground 
conditions such as rocks, gravels, sands 
(including saturated), clay in different 
consistency, ets. 

After severa1 strong earthquakes on the 
Balkans, Skopje (1963), Vranca (1977), 
Strajitza (1986), the Bu1garian Code for 
design in seismic regions was revised. The 
new Code defined higher seismic intensity 
for the Bu1garian territory. Some of the 
bui1dings of the ”Kozloduy” Nuclear power 
P1ant were designed and bui1t more than 
twenty years ago, in the period, when the 
design seismic parameters had been 1ower 
than those defined in new Code. The 
„Be1ene” Nuclear power P1ant is in the 
stage of design. 

Taking into account the high responsii1ity 
for the safety of the Nuc1ear power P1ants 
а new qua1ity assurance program  for 
seismic upgrading of “Koz1oduy” NPP was 
started two years ago.  
 
Both “Koz1oduy” and “Be1ene” Nuc1ear Power 
P1ants are situated near the Danube River. 
The lithologica1 profi1es of this region 
are presented by different types of soi1 
deposits, including strata of fine-grained 
sands, which require an additional study 
for assessing the potentia1 possibi1ity of 
1iquefaction under seismic excitation. 
 

 

2. SITES SOIL CONDITIONS  

2.1. Gcologica1 Profi1e of NPP “Belene”.  
 
The projected construction site of NPP 
"Be1ene" is situated on the right 
contemporary terrace of the river Danube 
with average surface 1evel of the ground 
20,00 - 21,00 m above 5еа 1eve1. The 
geo1ogica1 structure consists of two 
litho1og1ca1 deposit$ - с1ауеу sandy on 
the top, and grave1 sandy underneath. 
These deposits cover the Quaternary 
dep05its, which consist of marl с1ау of 
big thickness. Average 1itho10gical 
profi1e through avantcamera of the WP 
Station is shown in Fig.1.  
The с1ауеу sandy deposit contains from the 
top downwards the fo110wing soil types:  
1) Fat soi1, 0,4 - 1,0 m thick, presented 
 si1ty с1ау and sandy с1ау;  by

2) С1ау. yellow to tan and brown, 
predominately sandy с1ау and si1ty с1ау, 
with thickness up to 3,8 m (1,4 m 
average);  
3) С1ау dark brown to black, containing in 
some sections organic matter, 1ess than 5 
%, predominantly silty с1ау. The thickne5s 
ranges form 1,10 m to 2,3 m;  
4) С1ау. grey to grey-green, predominate 
sandy с1ау with maximum thickness 4,60 m; 
The с1ауеу soi1s (layers 2,3, and 4) are 
mainly in p1a$tic consistency 
(0,50<Ic<0,75), and their thickness is from 
0,9 to 7,8m. 
5) Fine grained с1ауеу sands. The 
thickness of this deposit varies in а 
large sса1е and in some sections reaches 
4,0 m. In some places the sands are more 
fine and more clayey and look 1ike clay; 
 
 



 
Fig.l. Litho1ogica1 profi1e through  
       avantcamera of the WPS NPP "Be1ene" 
 
6) Fine-grained and si1ty sands, with 
thickness up to 6,з m. These sands are 
located under the water table and 
potentia1ly tend to 1iquefaction under 
dynamic excitation.  
The grave1-sandy deposit invo1ves the 
following soi1 types;  
7) Sands, usua11y medium-grained with 
grave1s, uniform1y located, with maximum 
thickness up to 5,3 m. 
8) Grave1s, medium-grained, with sands 
content, and thickness up to 10,00 m 
(average 6,20 m). 
The hydrogeologica1 conditions of the NPP 
"Be1ene" construction site are 
characterized by а high water table. The 
ground water is accumulated in sandy-
grave1s deposits, and in the period of the 
Danube water level rise the water table 
rise and reaches the natural surface of 
the ground. 
 
2.2. Geologica1 Profiles of NPP 
"Kozloduy". 
 
The construction site of NРР "Koz1oduy" is 
situated in the non-f1ooded terrace of the 
river Danube. The geo1ogica1 structure 
consists of Quaternary and Pliocene 
deposits. А typica1 ~itho1ogica1 profi1e 
through the concrete water supp1y cana1 is 
shown in Fig.2. 
The Quaternary deposits include loess 
sandy loess, с1ауеу loess and loess clay) 
and alluvial soils (sands and grave1s). 
The profi1e of the loess deposits contain 
from the top downwards the following soi1 
types: 
1) Fat soi1 (1ayer 1) 0.5 - 1.0 m thick. 
In some section the topsoil consists оf 
loess with organic matter (layer 2);  

2) Sandy loess (layer 3). It is found down 
to depth of 2.0 to 9.0 m, and is 6.0 to 
7.0 m thick. Here а characteristic 
macroporosity and ye11ow-brown co1oring is 
observed; 

 
Fig.2. Lithological profile through the water 
supply canal NРР "Kozloduy" 
 
3) Loess clay and clayey loess (layers 4 
and 5). 
The total thickness of these soils layers 
ranges from 2.0 to 6.0 m. They are 
deposited on the limit of the annual 
variation of the water table and the 
capillary rise. The loess soils at some 
places change from one type to another. 
The alluvia 1 deposits of the flood 
terrace of the Danube lay immediately 
under the loess materials. They consist of 
the soil types: 
 
4) Fine-grained and si1ty sand (layers 6а 
and 6Ь) of а prevailing depth ranging from 
1.0 to 2.0 m, in some sections reaching 
2.7 to 3.0 т. 
These sands are located under the water 
table and potentially tend, to 
liquefaction under seismic excitation. 
They are subject of this study.  
5) Medium-grained sand and gravel sand 
(layers 7 and 8). These are found to а 
limited extent mainly under the form of 
lenses 0.5 to 1.8 m thick. 
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Medium-grained gravels with sand filler 
lay under the alluvial deposits to а depth 
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of 15.0 to 17.0 m (layer 9). 
The Pliocene deposits are represented by 
silty-sandy comparatively dense clays 
(layer 10) gray-green to gray-blue 
changing to yellowish in the contact with 
the alluvium. 
 
Тhе hydrogeological conditions of the NPP 
“Kozloduy" site are similar to those of 
NРР "Belene". Тhе long years of survey of 
the ground water flow in the area of the 
Koz1oduy Nuc1ear Power P1ant indicate that 
they flow from south to north, i.e.from 
the s1оре side towards the flood terrace 
о! the Danube. Тhе aquifer is replenished 
mainly by slope water and partially by the 
infiltration of surface water through the 
loess complex. The rise of the Danube 
water leve1 is respectively fol1owed by а 
rise of the water table in its flood 
terrace. If the drainage system does not 
function effective1y, а water head may 
appear in some sections. The maximum level 
which the ground water may reach under 
normal conditions is about elevation 28m.  
The hydrogeological conditions in the aгeа 
оf the NРР “Kozloduy” are characterized by 
some additional features consisting of the 
following:  
- The presence of ground water accumulated 
in a11uvia1 grave1 and 5and deposits. 

- The presence of а lower aquifer 
consisting of dense mar1y clay. 

- The presence of an upper aquifer of the 
loess deposits.Th1s, although not so 
dense аs the 1ower one, sets conditions 
for the appearance of а slight head in 
the aquifer,because оf the considerably 
(about 10 times) lower values of the 
permeabi1ity coefficient. Under these 
hydro-geological conditions at the 
investigation site, the fine-grained and 
si1ty sands under study in а11 саsеs 
remain under the water table, i.e. they 
are water saturated. 

Besides under natural conditions, the 
dynamic stability of the saturated sands 
has to bе investigated a1so under 
conditions of possible flooding of the 
site. 
 
2.3. Basic soi1s Properties. 
 
The physica1 and mechanica1 properties of 
the soi1 types in the area of the 
investigation sites are determinate after 
the Bu1garian State standards, using 
1aboratory and in situ tests. The average 
va1ues of the soi1 characteristics are 
given in Tables 1 and 2.  
 
 
 
 
 
 

Table 1. Average soi1 Characteristics of 
the NPP "Ве1епе" site. 

 
 
№ 

 
 

Soil type 

 
 

Layer 

Dry 
density 

ρd
(g/cm3) 

 
Void
ratio

Water 
Content

W 
% 

1 Earth fil1  1.83 0.491 18.0 
2 С1ау brown 

to black  
 

2,3 1.54 0.773 28.3 

3 Clay grey -
green 

 
4 1.73 0.578 21.0 

4 Fine-grained
and silty 
sands 

 
5,6 1.50 0.800 29.6 

 
Table 2. Average soil Characteristics of 

the NРР "Kozloduy" Site. 
 
No.

 
Soil type 

 
Layer 

Dry 
density 

ρd
(g/cm3) 

Void 
Ratio
e 

Water 
Content
W, % 

1 Collapsible 
loess 
deposits 

 
2,3,4 

 
1.38 

 
0.990

 
11.5 

2. Non-
collapsible 
loess 
deposits 

 
5. 

 
1.60 

 
0.710

 
20.6 

3. Fine-grained 
and silty 
sands 

 
6 

 
1.70 

 
0.550

 
20.9 

4. Medium-
grained and 
gravel sand 

 
7,8 

 
1.58 

 
0.670

 
25.4 

5. Medium-
grained 
gravels 

 
9 

 
1.80 

 
0.470

 
17.6 

6. Marly clays 10 1.57 0.730 27.6 
 
2.4. Physical Properties of Fine-Grained 
Sands. 
 
The values of the grain size distribution 
and density properties of the fine-grained 
sands, potentially tending to liquefaction 
are given in Tables 3 and 4. 
 
Table З. Characteristics of Fine Grained 

Sands from NPP "Belene" Site 
Sand type  

Characteristics 
 

Sym-
bol 

Dimen-
sion 1 2 3 

1.Grain size 
distribution 

0.50-0.25 mm 
0.25-0.10 mm 
0.10-0.01 mm 
0.01-0,005 mm 
<0.005 mm 

D50

 
 
- 
- 
- 
- 
- 
 

 
 
% 
% 
% 
% 
% 
mm 

 
 

10.0
71.6
16.4
1.1 
0.9 
0.18

 
 

3.0 
39.0
51.0
2.0 
5.0 
0.09

 
 

2.3 
50,7
45.0
2.0 
1.0 
0.20

2. Standard dry 
   density 

- minimum  
- maximum 

 
 

ρd,min
ρd,max

 
 

g/cm3 

g/cm3

 
 

1.32
1.57

 
 

1.37
1.56

 
 

1.32
1.51

3. Density of 
solid particles 

 
ρs

 
g/cm3

 
2.74

 
2.78

 
2.73

4. Average 
density index 

 
ID

 
- 

 
0.58 



In Table 3 as type of sands are indicate: 
 
- Type 1 - fine sands, slight clayey from 

Water Pump Station (WPS) No l site; 
- Type 2 - fine and silty sands, slight 

clayey from Hydro-Electrical Station 
(HES) site; 

- Type 3 - fine and silty sands from 
excavation for foundation of Nuclear 
Reactor No2 (NR-2); 

 
2.5. Seismic Conditions.  
 
According to the “Bulgarian Code for 
design of' buildings and structures in 
seismic regions", NPP "Belene" site is 
located in а seismic region of VII degree 
intensity and maximum seismic acceleration 
αmax=0.15g. Because of the lack of data 
from micro seismic study, the assessment 
of the liquefaction potential will be 
performing for different seismic 
characteristics.  
 
Table 4. Characteristics of Fine Grained 

Sands from NPP "Kozloduy" Site 
 

 
Characteristics 
 

 
Symbol 

 
Dimension 

 
Values 

 
1.Grain size 
distribution 

0.50-0.25 mm 
0.25-0.10 mm 
0.10-0.01 mm 
0.01-0,005 mm 
<0.005 mm 

D50

 
 
- 
- 
- 
- 
- 
 

 
 
% 
% 
% 
% 
% 
mm 

 
 

5.0 
36.0 
54.0 
2.0 
3.0 
0.09 

2. Standard dry 
   density 

- minimum  
- maximum 

 
 

ρd,min
ρd,max

 
 

g/cm3 

g/cm3

 
 

1.377 
1.810 

3. Density of 
solid particles 

 
ρs

 
g/cm3

 
2.73 

4. Average 
density index 

 
ID

 
- 

 
0.475 
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The samples of fine-grained sands were 
taken from the area of Pumphouse No 1 
site. 
 
Koz1oduy Nuclear Power Plant is located in 
а se1srnic reg1on of VII degree 1ntens1ty 
and seismic coefficient αmax = 0.10g. The 
data submit1tted by the Employer, Envelope 
response spectra for NPP Kozloduy s1te 
1ndicate а maximum seismic accelerat1on of 
the earth surface αmax=0.20g and earthquake 
magnitude (with epicenter Vrantcha) М=7.7. 
Therefore the liquefaction potentia1 
eva1uation of the water saturated sands 
has to be carried out for these most 
unfavorable conditions. 

 

 

3. LIQUEFACTION STUDIES IN TRIAXIAL SHEAR 
 
The laboratory tests were carried out in 
an apparatus for triaxial dynamic failure 
with the following characteristics:  
- pneumatic pressure which is changed into 
hydrostatic by means of а reduction cell; 

- pneumatic drive of the cell p1ston 
allowing an ax1al loading of up to 100 
KN; 

- possibility for producing а confining 
pressure in the cell of up to 1000 kPa; 

- pcssibi1ity for build1ng 1п and testing 
soil sрес1теп of d1fferent d1ameters 
50mm, 70mm  and 100mm and respectively 
he1ghts of 100mm, 140тm and 200mm; 

- maximum ampl1tude of p1ston motion - 50 
mm; 

- frequency range from 1х10-8 to 10 Hz;  
- accuracy of measuring the confining 
pres5ure and the dev1ator of stress – 0.5 
kPa; 

- -accuracy of measuring the vertical 
displacement -0.001mm  

The volume changes of the sand specimens 
were measured with а burette under 
pressure to an accuracy of 0.05 cm3. 
 

 
Fig.3. Scheme of saturated sand specimen  
       preparation  
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3.1. Triaxial Shear Procedure for 
Liquefaction Studies.  
 
3.1.1. Sand specimen’s preparation. 
 
Taking into account the great effect of 
the sand characteristics (as: initial 
relative density; location of drainage and 
dimensions of the deposits; magnitude of 
superimposed 1oads; method for soi1 
formation; previous strain history; 
trapped air; and others) on liquefaction, 
а special method for sand specimen 
preparation was app1ied.  

The specimens were prepared after the 
p1uviation method suggested by Ishihara 
and Ansa1 (1982) and as app1ied in the 
previous harmonization study (Ansa1, 
1984). However the approach was s1ight1y 
modified to ensure more uniformity in the 
specimen and а higher degree of water 
saturation during the pouring into the 
apparatus. Instead of using а sing1e 1ift, 
the specimen were prepared for 100mm 
specimen diameter in 10 1ayers. Depending 
of the density at which the testing was 
carried out, the dry mass is determined 
for each 1ayer, after which it was 
saturated and deaerated.  
 
The fo11owing procedures are carried out 
for the purpose (Fig.З): 
 
- the funnel (1) is placed tightly in the 
opening of the big cap(2)and is plugged 
with the small cap which 1s equipped with 
а pipe (3); 

- the quantity of sand required for а given 
layer is filled in the device thus 
assembled, and is then covered with 
water; 

- the mixture of sand and water is placed 
in an exiccator and is then vacuum 
treated for 30 min by а powerful vacuum 
pump;  

- during the vacuum treatment the mould in 
which the specimen is to be filled is 
prepared: first the membrane (7) is 
placed around the bottom 5tamp and is 
tightened with the help of two rubber o-
rings (8); then the mould (6) itself is 
placed, а branch pipe (5) being put on 
its upper end; the membrane (7) is pulled 
and is turned down around the upper end 
of the branch pipe; 

- the mould thus assembled is filled with 
deaerated water through the opening in 
the bottom stamp;  

- the device - with the deaerated mixture 
is taken out of the exiccator and is 
p1aced on the opening of the water-full 
form, s0 that part of the water together 
with the air between the big cap (2) and 
the water come out through the pipe with 

the 5ma1l cap (3); 
- by carefully pul1ing out the branch pipe 
and the small cap, а contact is 
established between the deaerated water 
in the mou1d and the sand mixture in the 
funne1 without the presence of any air; 

- under the effect of its own weight the 
sand settle5 in the mou1d; during this 
time the draining opening in the bottom 
stamp is opened for the water in the 
funne1 to f1ow out unti1 the upper end of 
the branch pipe (5) is reached; 

- if required it is possible to ram the 
sand layer, and this procedure is 
repeated until the complete shaping of 
the specimen. 

The top cap is placed and the rubber 
membrane is rolled up around the top cap 
and sealed with O-rings. Then vacuum equal 
to 5 kPa is fed first only through the 
drain of the top cap. After the required 
vacuum is reached, deaerated water is fed 
briefly through the opening in the bottom 
stamp under а pressure of 5 kPa, after 
which the opening is c1osed again until no 
more air bubbles are discharged. Before 
the mould is di5mantled vacuum is fed for 
about 30 min a1so through the opening of 
the bottom stamp. After the mould is 
dismantled the bottom, midd1e and top 
diameter of the specimen and its length 
are measured to an accuracy of 0.1mm. 
The cell pressure is slowly increased to 
10kPa while simultaneously re1easing the 
vacuum. Then the cell pressure and back 
pressure are increased slowly and 
simultaneously always keeping effective 
the confining stress around 10kPa. The 
back pressure is increased by levels of 
50, 100, 150, 200, 250 kPa -applied in 
equal intervals of 10 min. Reaching the 
last level of increasing the back pressure 
to the hydrostatic pressure level in the 
field, the preliminary consolidation 
starts after 30 min time. 
 
3.1.2. Preliminary sand specimen 
consolidation. 
 
The process of consolidation is carried 
out in stages of the effective confining 
pressure (σ’c) of 15, 25 and 50 kPa in 
equal intervals of 10 min, during which 
the volume variation5 о! The specimen Vi 
are measured to an accuracy of 0.05 cm3. 
The accuracy о! measuring the back 
pressure and the confining pressure is 0,5 
kPa. After the consolidation of the 
specimen has been completed, the degree of 
saturation of the specimen is controlled 
by а B-check. Before beginning the dynamic 
destruction of the specimen,the checks 
required for proving the good condition of 
the entire system and the completion of 
the consolidation process are carried out. 



 
3.1.3. Triaxial cyclic shear of the 
specimens. 
 
The failure of the water saturated 
specimens is carried out under isotropic 
consolidation and undrained scheme of 
testing. At а given frequency (usually 
from 0.1 Hz to 2.0 Hz) and а specific 
value of the dynamic component of the  
Deviator (σdp) (with varying sign and 
symmetric to the static σ’), the pore 
water 'pressure begins to rise from the 
value of the back pressure to its 
equalization with the value of the 
confining pressure for а given number of 
cycles. At this moment began the process 
of liquefaction when the values of the 
amplitude of the axial strain considerably 
rises, followed by relaxation (decrease of 
the value of the dynamic component to 
zero). All values of the pore pressure, 
the amplitude о! the axial strain and 
values of the stress σ’1 are registered by 
а recording device. 

 
3.2. Test Results. 
 
Applying .the аbоvе mentioned procedure 
representative results were obtained for 
samples with 100 mm diameter of the 
specimen and height 200 mm for the 
densities of the sands given in Table 5. 
 

Table.5. 
 

Sand type 
ρdm 

g/cm3
ID Number of 

specimens

I. NPP 
”Belene” site 

   

1.Fine sands 
slightly clayey 
from WPS Nо.1 
site. 

 
1.48 
1.55 
1.60 

 
55 
85 
100 

 
6 
5 
5 

2.Fine and 
silty sands 
slightly clayey 
from HES site. 

 
1.52 
1.55 
1.60 

 
58 
68 
85 

 
10 
7 
5 

3.Fine and 
silty sands 
from NR-2 site 

 
1.52 

 
58 

 
5 

II.NPP 
"Kozloduy" site 

   

4.Fine-grained 
silty sands 
from Pump house 
No.1 site. 

 
1.509 
1.576 

 
36.4 
52.8 

 
7 
7 
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ρdm is the mean dry density. 
 
In each test the dry density is after calculated 
After the expression: 
 

ρd = Md/ {V'-ΔV), 
where Md is the mass of the dry sand before 
being built-in into the mould; V' - 

specimen volume after dismantling the 
mould; ΔV - volume change of the specimen 
after consolidation. 
 
The cyc1ic stress ratio (SR = σdp/2σ’c) and 
the number of cyc1es (N) when liquefaction 
has occurred are read from the records for 
each cyclic triaxial failure. The 
relationship of the cyc11c stress ratio SR 
versus the number of cycles to 
liquefaction N is obtained after the 
method of least squares, most suitable for 
th1s case being an exponent1al funct1on of 
the type: 

Y = A.x(-B),  

where х=N (number of liquefaction cycles); 
Y=SR (cyclic stress ratio); A and В - 
constants. The parameters of the 
exponential function in the interval 
(1<N<4000) for different tests are given 
in Table 6. 

 
Table 6. 

 
Sand type 
(See Table 5) 

 
ID

 
σ’c

(kPa) 
 

 
Ax(101) 

 
Bx(102) 

 
1.WPS site. 

 
55 
85 
100 

 
34 
34 
34 

 
3.70921 
3.94910 
4.07696 

 
8.4633 
7.6001 
6.8248 

 
2.HES site 

58 
68 
85 

100 
100 
100 

3.41140 
3.85432 
3.69086 

8.0206 
9.2946 
5.8516 

3.NR site 58 100 3.32352 8.1816 
 
4.NPP"Kozloduy
Pumphouse site

 
36.4 
52.8 

 
85 
85 

 
3.75843 
4.31528 

 
18.8155 
16.2274 

 
Statistically processed results of graphic 
relations SR = f(N) are given in Fig.4, 
Fiq.5, Fig.6 and Fiq.7. 

 
Fig.4. SR=f(N) for sands from NPP  
       “Blelene” WPS site. 
 
 



 

 
Fig.5. SR=f(N) for sands from NPP  
       “Blelene” HES site. 
 

 
Fig.6. SR=f(N) for sands from NPP  
       “Blelene” NR-2 site. 
 
4. EVALUATION OF THE LIQUEFACTION 
POTENTIAL APPLYING SIMPLIFIED PROCEDURES  
 
The methods developed by Н. В. Seed and К. 
Ishihara are applied as simplified 
procedures. These methods allow the 
calculation of the factor of safety 
against liquefaction using results of 
laboratory tests and SPT data. The basic 
ideas of these methods are given below. 
 
Method developed by H.B. Seed. The factor 
of safety against liquefaction is 
expressed as а function of cyclic stress 
ratio, causing liquefaction SR, 
corresponding to an equivalent number of 
cycles for а given earthquake intensity, 
related to the cyclic stress ratio 
 

 

 
corresponding to the externa1 seismic 
excitation for а specific depth of the 
soi1 deposit (Seed et а1, 1979) 
 

FS = SR/L 
 
where: SR=cyc1ic stress ratio for 
equiva1ent number of cyc1es; 
 

 
Fig.7. SR=f(N) for sands from NPP  
      “Kozloduy” Pumphouse No.1 site. 
 

SR = (σdp/2σ’c)Neq.Cr
 

σdp =pulsating deviator stress causing  
    liquefaction; 
σ’c =effective confining pressure;  
Cr =correction factor applied to  
    laboratory tests data to obtained  
    condition causing liquefaction in  
    the field;  
Neq =the equivalent number of cycles  
    causing liquefaction after Seed 
    (1979).  
 

L = τav / σ’0 
 

where τav = average horizontal stress  at any 
point in the soil deposit induced by an 
earthquake, expressed by the relationship:   
 

τav = 0.65αmaxγhrd  
 

αmax = maximum horizontal ground  
      acceleration in g’s; 
γ = total unit weight; 
h= depth below ground surface;   
rd= depth reduction coefficient, taken from  
    chart (Seed and Idriss, 1971);  
σ’0 = initial effective overburden pressure  
     on the soil layer involved.  
 

Method developed by К. Ishihara. In the 
method suggested by K.Ishihara (1977) the 
behav1or of а specific element of the sand 
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deposit for а given variable loading is 
evaluated from the results of tests with 
constant loads. The equivalent period of 
the non-uniform cyclic shear stresses is 
evaluated as а period for which 
1iquetaction is caused by uniform loading 
for 20 cycles and constant amplitude. 

The re1ationship between the cyclic 
uniform loadings produced in the triaxia1 
apparatus and the non-uniform cyclic 
stresses during the earthquake is obtained 
by а coefficient adopted 0.55 for shock 
waves and 0.70 for vibration waves. 
Bearing in mind the depth of the Vrantcha 
earthquake epicenter the value of the 
coefficient is adopted 0.70. 
 
The factor of safety against 1iquefaction 
is calculated as follows: 
 

FL = (τmaxl/σ’v)/ (τmax/σ’v) 
 

τmaxl/σ’v = is the maximum stress ratio  
          required to cause liquefaction  
          in the specimen; 
 

τmaxl/σ’v  = (1/0.7) SR20;  
 

SR20 = (σdp/2σ’c)N20 Cr

SR20 is the cyclic stress ratio causing  
    liquefaction under 20 cycles uniform  
    loading;  
 

τmax = αmaxrd [γH + (z-H)γr] 
 

H = depth of the ground table; 
z = depth tested; 
rd = depth reduction factor; rd=1 – 0.15z; 
σ’v = effective overburden pressure; 

γ and γr = unit weights of the soil.  
 
Liquefaction analysis from SPT data. The 
method developed by H.B. Seed at а1 (1979, 
1984) is applied. It is based on the 
comparison between the shear stress τav 
caused by an earthquake (with 
corresponding parameters - magnitude and 
acceleration) and the reaction of the soi1 
1ayer (water saturated sands), presented 
by the shear resistance τ. This comparison 
is expressed by the conditions: 
 

τav/σ’v > SR; or  τav/σ’v < SR; 

 

where: SR=τ/σ’v is the cyc11c stress ratio 
causing а peak cyclic pore pressure ratio 
of 100 % , (initial liquefaction) with 
limited shear strain. This cyc1ic stress 
ratio can be read from the diagrams 
SR=f(Ni) obtained as the resu1ts of the 
comparison of numerous in situ and 
1aboratory tests (5eed, 1979), where Ni, is 
the modified penetration resistance of the 

soi1, obtained from the expression: 
 

Ni = CN.N60

 

CN = correction coefficient, which can be 
ca1culated with the expression suggested 
by Peak Handson and Thornburn (1974): 
6 

CN = 0.70. log10(2000/ σ'v) ; 
 

(σ'v in kPa), or to be read from the 
diagram (Seed et al, 1984), depending on 
the re1ative density and the effective 
pressure σ'v; 
N60 - number of blows for 1 ft (0.305 m) 
penetration, obtained with а standard 
penetrometer (SРТ), with 60% energy ratio, 
i.e. 60% of the theoretica1 value of the 
energy of free Еа11 of the hammer.  
 

App1ying the methods of Seed and Ishihara, 
factor of safety against 1iquefaction is 
ca1cu1ated for 1ected profi1es. 
 
4.1. Results of the Liquefaction Potential 
Eva1uation of NРР "Koz1oduy" Site. 
 
Оn1у two profi1es with higher possibility 
of l1quefaction of fine- grained sands 
under given seismic excitation are 
investigated. The results of the 
calculations for the profile of the Water 
Supp1y Canal (see Fig. 2) in the case of 
higher water 1еуе1 are given in Table 7, 
Table 8 and Table 9. 
 

Table 7. Factor of safety against 
Liquefaction applying Seed’s method 

 

σmax=0.2g; Neq=17.7;Cr=0.793 I =0.36 D

SR=0.176
I =0.53 D

SR=0.209
No Depth 

m 
Soil
type

σ’0 
kPa 

τav/σ’0 FS FS 

1 2.00 5 26.10 0.312 0.564 0.670
2 2.50 6 31.45 0.295 0.596 0.708
3 3.00 6 36.15 0.288 0.611 0.725
4 2.50 6 40.85 0.282 0.621 0.741
5 4.00 6 45.55 0.277 0.635 0.754
 

Table 8. Factor of safety against 
Liquefaction applying Ishihara’s method 

 

σmax=0.2g; M=7.7;Cr=0.793 ID=0.36 
SR20=0.220

ID=0.53 
SR=0.263

No Depth 
m 

Soil
type

σ’0 
kPa 

τav/σ’0 FL FL 

1 2.00 5 26.10 0.312 0.521 0.616 
2 2.50 6 31.45 0.295 0.542 0.651 
3 3.00 6 36.15 0.288 0.555 0.667 
4 2.50 6 40.85 0.282 0.565 0.680 
5 4.00 6 45.55 0.277 0.576 0.693 
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Table 9. Factor of safety against 
Liquefaction using SPT N values 

 

N60 = 19 bl/ft; M = 7.7 
No Depth 

m 
CN Nl=CN.N60

 
SR FS 

1 2.00 1.315 24.98 0.280 0.897
2 2.50 1.262 23.98 0.273 0.925
3 3.00 1.220 23.18 0.267 0.927
4 2.50 1.220 22.46 0.264 0.936
5 4.00 1.150 21.85 0.260 0.955
 

The resu1ts of the ca1cu1ations for the 
profi1e in natura1 conditions (ground 
level З5.50m; ground water table 2б.05m; 
depth of cohesive soils 10.40m; depth of 
fine-grained sands 3.60m) are given in 
Table 10, Table 11 and Table 12. 
 

Table 10. Factor of safety against 
Liquefaction applying Seed’s method 

 

σmax=0.2g; Neq=17.7;Cr=0.793 ID=0.36 
SR=0.176

ID=0.53 
SR=0.209

No Depth 
m 

Soil 
type 

σ’0 
kPa 

τav/σ’0 FS FS 

1 10.40 2,3,5 158.88 0.122 1.442 1.713 
2 11.00 6 165.12 0.123 1.430 1.699 
3 11.50 6 170.32 0.125 1.408 1.672 
4 12.00 6 175.32 0.127 1.385 1.646 
5 12.50 6 180.72 0.129 1.364 1.620 
6 13.00 6 185.72 0.131 1.344 1.595 
7 13.50 6 191.12 0.130 1.354 1.608 
8 14.00 6 196.32 0.130 1.354 1.608 

 
Table 11. Factor of safety against 

Liquefaction applying Ishihara’s method 
 

σmax=0.2g; 7;Cr=0.793 ID=0.36 
SR20=0.220 

I =0.53 D

SR=0.263 

No Depth 
m 

Soil 
type 

σ’0 
kPa 

τav/σ’0 FL FL 

1 10.40 2,3,5 158.88 0.179 1.365 1.648 
2 11.00 6 165.12 0.183 1.337 1.612 
3 11.50 6 170.32 0.186 1.315 1.586 
4 12.00 6 175.32 0.189 1.298 1.561 
5 12.50 6 180.72 0.191 1.282 1.544 
6 13.00 6 185.72 0.192 1.169 1.536 
7 13.50 6 191.12 0.194 1.257 1.521 
8 14.00 6 196.32 0.196 1.249 1.505 

 
Table 12. Factor of safety against 
Liquefaction using SPT N values 

 

N60 = 19 bl/ft; M = 7.7 
No Depth 

m 
CN Nl=CN.N60

 
SR FS 

1 10.40 0.847 16.09 0.193 1.58 
2 11.00 0.834 15.85 0.191 1.55 
3 11.50 0.823 15.64 0.188 1.51 
4 12.00 0.814 15.46 0.187 1.47 
5 12.50 0.863 15.27 0.185 1.43 
6 13.00 0.794 15.09 0.183 1.39 
7 13.50 0.785 14.92 0.179 1.37 
8 14.00 0.776 14.75 0.176 1.35 
 
 
 
 

 
4.2. Results of the Liquefaction potential 
Evaluation of NРР "Belene" Site. 
 
More comprehensive analysis of the 
liquefaction potential of saturated fine 
sand was carried out for different 
profiles of НРР "Belene" site. The 
selected profiles for the analysis are 
given in Table 13. 
 

Table 13. Selected Profiles from NPP 
“Belene” site 

 

 
Site 

Ground 
level 

 
Depth, m 

 m Cohesive 
soil 

Fine 
sands

1. Supp1y Cana1s 21.29 3.50 5.50 
2. Supply Canals 21.б7 3.00 4.70 
3. Co1d Cana1s 21.03 4.00 5.00 
4. Co1d Cana1s 22.23 2.90 3.5О 
5. Inundation Canal 21.10 2.40 4.5О 
б: Cold Саnа1 axis 21.84 3.80 4.00 
7. Cold Cana1s 20.58 3.БО 4.00 
8. WPS-1 site 21.69 3.80 3.40 
9. HES - site 21.13 4.50 4.80 

 

Applying the approach used in 4.1 the 
factor of safety against liquefaction for 
the above selected profiles was 
calculated. The results for the cases of 
the unfavorable conditions when the water 
table is to the natural surface are given 
in Table 14 and Table 15. 
 

Table 14. Zones of Liquefaction 
 

After Seed’s  
method 

After Ishihara’s 
method 

Profile 
No 

Table 
10 

From 
level

To 
level

Depth 
m 

From 
level

To 
level

Depth 
m 

1 17.79 15.29 2.50 17.79 16.29 1.50 
2 17.03 16.03 1.00 17.03 16.53 0.50 
3 18.04 14.84 3.20 18.04 14.84 3.30 
4 19.33 15.73 3.60 17.73 15.73 2.00 
5 18.70 14.60 4.10 18.70 17.60 1.10 
6 17.89 14.49 3.40 17.89 15.49 2.40 
7 18.60 15.60 3.00 18.60 15.60 3.00 
8 16.97 15.57 1.40 - - - 
9 16.63 16.13 0.50 16.63 16.13 0.50 

 
Table 15. Factor of Safety against 

Liquefaction for αmax=0.2g 
After 
Seed’s  
method 

After 
Ishihara’s 
method 

 
Profile 

No 
 

 
Level 
Studied  

FS FL 
1 17.79 0.824 0.870 
2 17.60 0.918 0.864 
3 17.03 0.930 0.872 
4 17.73 0.816 0.856 
5 18.10 0.789 1.034 
6 16.97 0.982 0.854 
7 17.34 0.814 0.854 
8 17.19 0.814 1.054 
9 16.65 0.838 0.838 

 
 
 



  
Table 16 gives the calculations for the 
average values of the maximum horizontal 
ground surface acceleration for different 
values of earthquake magnitude. As already 
noted above (see 2.5) these results can be 
used in the design stage when data from 
micro seismic study are not available. 
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Calculations for NPP "Belene" site 
represented in Tables 11 to 13 shown that 
under the given seismic parameters (αmax= 
0.29g, М = 7.5) liquefaction can be occur 
in the case when the water table is to the 
natural surface. 
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