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ABSTRACT 

 

The soil response below hotel “Eliki” during the Aegion 1995 earthquake is studied by different methods. 

The soil response spectra that were estimated and comparison with the 1959 code based on which the 

building was constructed, indicates that the forces that were exerted in the building were considerably 

greater than those that the building was designed.  This explains the partial collapse of the building.  

Ground subsidence as a result of dissipation of excess pore pressures may have been of the order of a few 

cm and this possibly contributed in the collapse of the building. 
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1. INTRODUCTION 

 

The back analysis of failures from previous  earthquakes is  extremely useful.  It can  confirm  what  was  

to blame  for  the cause of the failure  and  the  probable  insufficiency  of  regulations  and/or  

geotechnical  investigations  during construction. In the case  of  the present work,  the  analysis  concerns  

the estimate  of  the  dynamic  response and the danger of liquefaction  and  their  consequences  to  

“Eliki” hotel  in  the  region of “Valimitika”, approximately  5km  east  of  the  town  of Aigion, Greece, 

the  east  side  of  which  collapsed  during  the  earthquake (Fig. 1). 

 

2. CHARACTERISTICS OF THE EARTHQUAKE 

 

On  June  15 1995  and  at  3.16pm  local  time  an  earthquake  of  magnitude    6.1R.  hit  the  larger  area 

of  Aigialia.  Its epicentre  was  at  the  sea  area  of  the  Korithian  Gulf  (38,3N,22.15E)  between  Aigion   

and  Eratini in Greece (Bouckovalas  et  a.  1999).  The  only accelerogram   that  was  found  to  be  

functioning  at  the  moment  of  the  main  earthquake  was installed  at  the  ground  floor  of the OTE 

(Greek Telecom) two  storey  building of reinforced  concrete with  a  basement. At the present work the 

one horizontal component of  the  acceleration from  the  two  that  were recoded  was  used. In particular,  

in  accordance  with  international  practice,  at the underlying bedrock of  the  region  under  investigation  

the accelerogram   which  was  calculated  with decomvolution   from the OTE  building accelerogram 

(Stamatopoulos  et  al., 2007),  and  is  given in Fig.  2, was used.  
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Figure 1. Collapse of the central part of hotel "Eliki", during the earthquake of 15/06/95. 

 

 

 

Figure 2. The seismic excitation  that was estimated by decomvolution (Stamatopoulos et al., 

2007), and was applied at the base of the region studied. 

 

3. GEOTECHNICAL CHARACTERISTICS  

 

For  the  investigation  of  the  reasons  of  the  collapse  of  a  part  of  the   hotel,   five borings  were 

performed by  YPECHODE (1996)  at the  locations  of  Fig. 3.   The  building  is  located approximately  

20m  from  the  coast line and  the  water table  was  found  to  be  at  the  depth of  1.6m.  The SPT  blow 

counts that  were measured in  all  the  borings versus depth are  given  in Fig. 4.  The layers  that  were  

found, from top to below,  are: 

-(a) Sandy  silty  clay  (CL)  with  intervening sandy  silt   (ML)  and  sand (SC,SM).  The  layer  has as  

greatest  thickness  2.20 m.  Other measured properties were:  NSPT = 4-10,  percentage  of  sand=30-43%  

and  plasticity index IP = 7-16. 

-(b) Silty sand  gravel  mixture   (SM-GW) with layers of  sandy  silt and  small presence of  sand  gravel  

mixtures.  It reaches a depth of  approximately  6m.   It  contains  3-19%  silty  fines and  has  NSPT  from  

15  to >50. 

-(c) Silty  sand (SM)  with  sub-layers  of sandy silt and  a  small  presence  of sand -gravel  mixtures.  It  

is  met  at  depths  of  5m  to  approximately  25 m  and  it  consists of: gravel 0-15%,  sand 50-70%, fines  

6-42%. The NSPT value equals 14-45.  

-(d) Silty clay of  medium plasticity (CL, ML).  It  was  found  at  a depth  of  24m-30m. 

 

In  all the boreholes  the underlying rock  was  not  found.  As the deepest  boreholes was of  depth  30 m,  

for  the depths  below, data (NSPT, soil type) of  drillholes from the  experimental  field CORSSA 

(Ktenidou, et  al., 2008)  were  used. These borings were performed at  the lower  part  of  the  city  of  

Aigion  and extended to depths of 180m,  where  the underlying rock (conglomarate  layer)  was  met. 
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Figure 3. Topographic sketch with the location of the borings (YPECHODE, 1996). 
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Figure 4. The SPT blow count measured in the borings. 

 

4. CHARACTERICS OF THE BUILDING 

 

Hotel “Eliki”  was  a  four-story  building  of  reinforced  concrete. It  had  an  additional  part  at 

its top  level,  a  small part  of which  at  the  wing  which   collapsed. The  hotel was  designed  

in  1971  with  the  regulations of 1959  and  consisted  of  three wings.  It  did not have  a  

basement.  The  foundation  of  the  building was  of  the  type of general  frame  and at  depth of  

approxi-mately  1.50m (YPECHODE, 1996). 
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The  dominating period  (T) of oscillation  of  the  building  was  estimated with  the  following  

relations: A) T = 0.1 N,  where  N  is  the  number of  floors of  the  building.  B) Τ = 0,075 h
0.75

 

(Koliopoulos  and  Manolis, 2003)  where  h is  the  height  of  the  building, C) T = 0,09 (h /L
0.5

) 

(h / (h + r L))
0.5

 (OASP, 1999) where  h is  the  height  of  the  building,  L is the length of the 

building in the direction of the estimate and  r is the ratio of the cross-sections of the  inner  walls  

to  the total sum of the cross-sections of the  inner  walls  and columns. As Ν=4, h=12m, 

Lx=28,30, Ly = 14,60m and r=0, methodology Α) gives Τ=0.40s, Β) gives Τ=0.48s and C) gives  

Τx = 0.20sec και Τy = 0.28s. 

 

5. ANALYSIS OF THE SEISMIC RESPONSE WITH EMPIRICAL EQUATIONS 

 

According  to  the  Greek  Seismic Code  (EAK) (OASP, 1999)  the  location that  we  are  

examining is  located in  zone  II, that has as maximum horizontal design acceleration A=0.24g.  

As is  mentioned  by  Papazachos (1997),  Seed   and  Idriss in  1982  give  a  relation  which  

expresses the  maximum  acceleration  at  the underlying  rock (Arock) in terms of  the  distance  

from  the  seismic  fault  D and  the magnitude,  M,  of  the  earthquake. For  the  case  that  we  

are  examining ,  D=16km,  and  M=6, l5R  which  predicts Arock = 0.26g.   

 

For earthquakes in Greece, as is  mentioned  by  Papazachos (1997), Theodoloudis (1988) gives  

a relationship that predicts the maximum acceleration (Arock) in terms of  the  distance  from  the  

seismic  fault  D and  the magnitude,  M,  of  the  earthquake. For  the  case  that  we  are  

examining ,  this equation predicts Arock = 0.203g. 

 

The change of maximum acceleration amax in soil layers in terms of depth d, and for d<30m) is 

expressed by the relationship: 

 

amax(d) = amax(d=0) rd(d)                                                                                                        (1) 

 

Range of variation of the factor rd with depth is given in Fig. 5 by Seed and Idriss in 1971 

(Stamatopoulos, 2003). For the factor rd, it has additionally  been proposed by Ishihara (Ishihara, 

1996) the empirical expression {rd=1-0.015*d}.  With back analysis with this empirical equation,  

it was estimated in the maximum horizontal acceleration at the surface Α=Αrock/rd =0.41-0.52g. 
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Figure 5. Variation of the coefficient rd with depth. 

 

6. ANALYSIS OF THE SEISMIC RESPONSE WITH THE EQUIVALENT LINEAR METHOD  

 

First the seismic response was  calculated  by  the equivalent-linear elastic method of analysis.  

The  first  computer  program  that was  created for  the  execution  of  these  analyses  was  

SHAKE  (Schnabel  el  al., 1972).  Other  programs   more  friendly  to  the   user  have  recently  

been  created that  execute  the  same  procedure,  as  the program  EERA  (Barbet  et  al.,  2002),  

which is  functioning  at   environment  Windows  EXCEL.  The  results  of  the  two  programs  

were  examined  and  it  was  confirmed  that they  were  identical.  Afterwards  and  for  reasons  

of   use  all  the  analyses  were  executed  by    the   EERA  program. 

 

The  parameters  that  must  be  defined  and  affect the  solution are  a)  the  location  of  the  

underlying rock, b)   the  velocity of the shear  seismic  waves  Vs  and  the  density  of  the  soil, 

both  with  depth  c)  the  change  in  the  shear modulus and  the damping coefficient with  the  

shear strain and  d)  the  seismic motion applied at the bedrock.  

 

Regarding  the location of the bedrock,  as  was  mentioned  above,  in  all  borings  that  were  

performed the  underlying  rock  was not  met.   As  the  deepest  borehole  was of  depth  30m,  a  

series  of analyses  were  executed changing  the  location  of  the  bedrock.  In particular, it  was  

considered  that  the bedrock  is at  30m, 61m, l25m. 155m depth.  For  depths  deeper  than  

30m,  data (NSPT, soil type) of  boreholes from  the  experimental  field  CORSSA  were  used.  

 

The estimate of Vs was  made  indirectly  from  experimental  correlations  of  Vs  and the NSPT.   

According to Kramer  (1966)  for  sands  the  relation  that  was  proposed  by Seed H. B., Wong 

R. T., Idriss I. M., Tokimatsu K. in 1986 {Gmax = 20000 (N1-60)
0.33

 (σ΄m)
0.5

} where Gmax is the 

elastic shear modulus in lb/ft2 and σ΄m is the effective octahedral stress in lb/ft2 was used. To 

estimate σ΄m it was assumed that the coefficient of lateral stress Κ equals 0.5. For low-plasticity 

clays and normally-consolidated the relationship that has been proposed by Weiler in 1988 

Gmax=1100 Su, where Su is the undrained strength and equals Su=0.24xσ΄v is used, where σ΄v is 

the effective in-situ vertical stress. In  accordance  with  the  results  of  the  boreholes,  the  unit 



5th International Conference on Earthquake Geotechnical Engineering 

January 2011, 10-13 

Santiago, Chile 

density of  the  soil (ρ) was  taken  as  1.9T/m3. The change of Vs with depth for the 5 boreholes 

that was estimated based on the above is given in Fig. 6 (considering that Vs = (Gmax/ρ)
1/2

). 

 

The change in the shear modulus (G) and the damping coefficient (d) with shear strain (γ) was 

taken according to the largely  used  and  validated G-γ curves i)  for  sand  by  Seed  and  Idriss  

in   1970, ii)  for  clay  by  Seed  and  Sun  in  1989,  and  d-γ  for  sand  and  clay  by  Idriss in  

1990  (Kramer, 1996).  The  seismic motion that  was applied at the underlying bedrock,  as  was  

mentioned  in  section  2,  is  shown  in  Fig.  2. 

 

Five analyses were performed, one for each borehole. In order not  to  take  too  much  space,  

and  because   the  results of  the  analyses of the 5  borings were  similar,  the  results  of  one  

only  borehole  will  be  presented  in  detail.  Specifically,  Fig. 7 gives the  calculated  spectra  

of  the acceleration on  the  surface,  for  each  one  of  the  parametric  analyses  (depth of  

bedrock  30m-155m).  In Fig. 8  the average and  the  standard   deviation of the values is  

shown.   In  Fig. 9  the  calculated change of  the maximum  acceleration  with  the  depth,  is  

presented. In  Fig. 5  the  average  and  the  standard deviation of  co-efficient  rd, that illustrates 

the change of the maximum acceleration  with  the  depth, obtained from  the  parametric  

analyses  is  presented  in  relation  with  predictions of  the change of  rd  with  depth  which is 

given  by  Seed  and  Idriss  and  the  empirical  relation  by  Ishihara (1996).   A  satisfactory  

comparison is  observed. Finally,  Fig.  11 depicts a typical change  of  the maximum shear strain 

obtained in the analyses with  depth. 

 

In  summary,  for  all  the  boreholes  the  results  gave  that  for  (a) the ratio αmax(top) / αmax(rock), 

for the nearest  to  the surface  location of  the bedrock  (30m),  receives  values  of  l.82-2.16,  it  

gets  bigger  at  depth  61 m  where  it takes values  of  2.31-2.56  and afterwards  it  gets  smaller  

with  a  stabilization  tendency at values 2.00-2.34. (b) Regarding the period of maximum 

response, Tcr , it receives  the  highest  value  (0.51 sec)  for  the  underlying rock at  30m,  but  

for  deeper depths  is is less  with  stabilization  at  0.42sec  for  depths >91m.  Finally,  regarding  

the ratio Sα(Τ=Τcr) / Sα(Τ=0), for  location of the bedrock  at  30 m  it receives  the  values 2.05-

2.77,  it  gets  bigger  for  the  depth of  61m,  receiving  values  from  3.41-3.56  and stabilizes 

for  depths > 125m  at  values from  2.64-3.20. 
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Figure  6. Variation of the velocity Vs with depth. 
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Figure 7. Boring GE5. Spectral acceleration at level ground for each of the parametric 

studies. 
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Figure 8. Boring GE5. Comparison of the spectra at level ground. 

 

0

20

40

60

80

100

120

140

160

0.0 0.1 0.2 0.3 0.4 0.5

Maximum Acceleration (g)

D
e

p
th

 (
m

)

155m

125m

91m

61m

30m

Elasto-plastic

 
Figure 9. Boring GE5. Equivalent-linear method. The maximum acceleration versus depth for  

each of the parametric studies. 
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Figure 10. Boring GE5. Depth of rock 155m. Variation of the maximum shear strain with depth. 

 

7. ANALYSIS OF THE SEISMIC RESPONSE WITH ELASTO-PLASTIC ANALYSIS 

 

To simulate seismic ground response, the  use  of  models  based  on   the  elasto-plastic theory  

is  preferable  to  equivalent-linear models, because they simulate with more  precision  the  

behavior  of  the  soil, especially for  significant  deformations  that  as  can  be  seen  on  Fig. 10,  

took  place  at  the present case study. At  the  present  work the  program  CyberQuake (BRGM 

Software 1988) is used. It applies the following elasto-plastic constitutive equations:  

 

γ p
 = γ p

 ( tan φcs +  τ / σ ')    για  γ p 
> γmob    (2) 

γ p  = F tanφcs  [ γ p/(tanφcs/Ep + γ p)]0.5         where          

F = 1 - b ln (σ '/σ c)                    

σ c = σ cο exp (-β ε v
p
)                                   

 

where τ and σ' are the shear and vertical effective stress at the plane of maximum shear. The 

model has six parameters: φcs, σcο, Εp , b, β, γmob. The parameter φcs is the friction angle at the 

critical state (meaning at very large deformation) and σcο is the effective vertical stress at the 

critical state. The parameter γmob is the minimum plastic shear strain where the plastic volumetric 

strain starts to accumulate. The parameters Εp, b, β are dimensionless and depend only on the 

type of soil. Modaressi  and  Lopez-Caballero  (2001)  give  typical  values  of  the  six  

parameters  in terms of  the  density  of  sand,  of  the  plastic  index  and  the  overconsolidation 

ratio  (0CR) of the clay or relative density of  the sand.  Modaressi   and  Lopez-Cavallero  

(2001)  show  that  the  above  relations  and parameters  predict  (a) the  influence  of  the  sand 

density  or clay OCR value in  the  behavior  of  the  soil  (thru the  co-efficient F)  and  (b)  the  

reduction  of  the  "equivalent" shear  modulus  with  the  shear strain in connection to  the  

plastic  index  of  the  soil,  as is  anticipated  in  the  relationships  of  Ishibashi  and  Zhang 

(1993).  At  the  present  work  the  parameters were  taken  in  accordance  with  the  above, as 

given in table 1. It  was  confirmed  that  the  simulation predicts the  G-γ  and D-γ curves, of  

Ishibashi  and  Zhang (1993). 

 

For  the  better  supervision of  the  results  of  the  elastoplastic  analysis,  an  elastic  analysis  

was  also  carried  out, with the same Vs values versus depth.  In  both  cases the underlying 

bedrock  was  taken at  its  deepest  depth,  from  that  of  the  parametric  analyses,  namely  at  

155m. As  is  shown   in  Fig. 11  and  is  expected,  the  results  of  the  elastoplastic  analysis  
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give  smaller  acceleration and  bigger  displacements  from  the   linear  analysis,,  because  of  

the  start  of  the failure .   

 

Finally,  the  spectral  accelerations  were  calculated and  were  compared  with  the  

corresponding  spectra  that  arose  from  the equivalent-linear analyses,  as  well  as  with the  

design  spectra  that  are  proposed  by  the  current  Greek Seismic  Code (OASP, 1999),  the  

Code  of  1959  which  was  in use  at  the  period  of  construction of  the  building  and  the 

propositions of NEHRP,  that  are  is  use in  U.S.A. (Fig. 8).  It  is  pointed  out  that  in  the  

case  of  the  NEHRP spectra,  as  highest  seismic  acceleration of  the  soil ,  those  that  are  

defined  by  the current Greek  Seismic  Code (OASP, 1999)  were  taken. 

 

Table 1. Values of the parameters of the elasto-plastic model that were used. 

 Sand Gravel Clay 

φ 30 30 25 

β 40 40 10 

σο/σco 2.2 3 3 

Ep 150 120 250 

γmob 0.01 0.01 0.001 

b 0.1 0.1 1 
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Figure 11. Boring GE5. Depth of rock 155m. Comparison of acceleration time histories of the 

different methods. 

 
8. ANALYSIS OF LIQUEFACTION SUSCEPTIBILITY AND SUBSEQUENT GROUND 

SETTLEMENT  

 

The  examination  of  the  danger  of  liquefaction  of  the  location considered,  was  performed: 

a)  with  method  of  Seed  and  Idriss (1971), which  is  based  at  NSTP  value and soil type in 

terms of depth  and  the  seismic  acceleration  versus  depth that  were  calculated  by the various 

elastic methods above and  b)  as  a  result  of   elastoplastic  analysis.  The  calculations  showed  

that  appearance  of  liquefaction is  likely  only  at  borehole 1, a)  with the  simplified  method  

of    analysis  and  only for  the case  of  prediction of amax through   the  empirical  method of  

Seed  and  Idriss,  at  depth of  9.0 m  from  the  surface  and  b)  by  elastoplastic  analysis  at  

depth l7.2m  from  the  surface.   In  all  the  remaining  boreholes  and  analyses,  danger  of  

liquefaction  was not predicted.  It  is  concluded  that  if liquefaction  took  place  at  the region  

of  the  hotel  during  the  earthquake  of  1995,  it was  limited. 
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The  methods  that  were  used  for  the  evaluation  of  the  settlements  as  a  result  of  the  

dissipation of  the  excess  pore  pressure  that  was  generated during  the  earthquake were the   

Tokimatsu – Seed (1987)  and Ishihara (1993).   The calculations showed that the calculated  

settlements  by  the method of  Ishihara,  were smaller  than  1cm.  The  evaluation  of  the  

settlements  by  the method of  Tokimatsu  and  Seed,  ends  up  at  higher  values  of  

settlements,  of  the order  of  5cm  at  borehole  1,  while  at   the   other  boreholes  it is  smaller  

than  2cm.  Likewise,  the  settlements  that  came  up  as  a  result of  the  elastoplastric  analysis  

were  smaller  than  0.1cm.   

 
 9. ASESSMENT OF THE IMPLICATIONS TO BUILDINGS  

 

The  most  important  parameter  of  the seismic  response that  affects  the  vulnerability  of a 

building is  the  maximum value  of  acceleration  and  the  spectral  acceleration  at  the  

dominating  period of  oscillation  of  the  building, both on  the  surface. The  reason  is that 

knowledge  of  the  spectral  acceleration Sa  allows,  through  the  relationship {maxPa=m*Sa}  

the calculation  of  the  highest  inertia  force that developed  at  the  building,  during  the  

duration  of  the earthquake. 

 

Table 2 gives the  average  values  (for  all  the  boreholes)  of  the  spectral  acceleration  for  all 

the cases  of  seismic  analysis  (elastoplastic,  elastic, equivalent-elastic)  as  well  as  its  values  

as  they  are specified from  the  seismic  codes  (Royal  Decree  59,  E.A.K.,  NEHRP).  The 

maximum values of horizontal acceleration, that  were  calculated  on  the  surface  of  the  soil  

in  all  the  boreholes,  by  all  the   methods  are  also  shown. 

 

From  the  values  of  the  spectral  acceleration obtained  from  all  the  methods  of  analysis  

and  their  comparison  with  the  spectra  of  the  code  of 1959,  in  accordance  with  which  the  

building  was constructed, it is evident that the forces that were exerted at the building  from  the  

earthquake  under  examination,  were  much larger than  those  of  the design earthquake.  This 

explains  the  partial  collapse  of  the  building.  At  table  2  noteworthy  is  the fact  of  the  big  

values  of  the  soil  acceleration  that are predicted by the Seed  and  Idriss expressions,  as well  

as  the  near identical  value  of  the maximum  acceleration,  that  is  given  by  EAK.  for  the  

region under examination,  with  that  that resulted  from  the  earthquake  of  15  June, as 

predicted by the  elaso- plastic analysis. 

 

One other  parameter that affects the  vulnerability  of  the  buildings  is  the  settlement  due  to  

the dissipation of  the  excess  pore   pressures  that  developed  during   the  earthquake.  The  

estimation  of  the  settlements  through the  method of Tokimatsu  and  Seed,  leads  to  values  

of  settlement,  of  the   order  of  5cm,  that  may have contributed  to  the  collapse  of  the  

building. 
 

10. CONCLUSIONS- ADDITIONAL PROPOSED ANALYSES 

 

From  the  values  of  the  spectral  acceleration  that were obtained from  all the  methods of analysis  and  

their  comparison  with  the  spectra  of  the  regulation  of  1959,  by  which  the  building  was  

constructed, it is observed that the forces that  developed  on  the  building  from  the  under  examination  

earthquake,  were  much larger than  those of  the  design  earthquake.  This explains the  partial  collapse  

of  the  building.  The  estimate  of  the  settlement  through  the  method of  Tokimatsu  and  Seed  leads 
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to settlement  values of  the order of  5cm,  that  probably  contributed in  the  collapse  of  the  building. 

The seismic soil response analysis  of  the  present  work can be extended to study the seismic response of 

the structure, taking  into  consideration  the dynamic soil-foundation-structure interaction.   

 

 

 

 

 

 

Table 2.  Computed (average value from all borings) and given in codes maximum acceleration 

and maximum spectral acceleration for different spectral periods at the surface  

Samax (g) 
Method 

amax 
(g) 

To =0,40s To = 0,48s To = 0,20s To = 0,28s 

Equivalent-linear analysis 
(average value) 

0.37 1.08 0.96 0.46 0.53 

Elastic analysis 0.37 1.28 1.05 0.51 0.70 

Elasto-plastic 0.6 0.69 0.66 0.54 0.69 

Theodoulidis 0.20 - - - - 

Seed and Idriss 0.52 - - - - 

Spectrum of Greek code 
(EAK, 1999) 

0.24 0.60 0.60 0.60 0.60 

Spectrum NEHRP 0.24 0.53 0.53 0.53 0.53 

Spectrum of 1959 Regulation 0.12 0.12 0.12 0.12 0.12 
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