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1. Introduction 

Earthquakes are devastating yet common natural disasters that can cause billions of dollars 

in property damage and the loss of human life. They are triggered by the sudden release of 

energy in the Earth's lithosphere creating seismic waves propagating towards the surface. When 

these seismic waves reach the ground surface, they cause the shaking of the ground, which in 

itself may result in significant damage to the built infrastructure; this is called the primary effect 

of earthquakes. However, earthquakes, especially stronger ones, often induce secondary effects, 

which also have a high loss potential. In many cases, these secondary effects cause greater 

damage and loss of life than the shaking itself. Such secondary effects include soil liquefaction, 

tsunamis, landslides and fires after the event. 

Liquefaction is a phenomenon where soil strength and stiffness are reduced by excess pore 

water pressure generated from earthquake shaking or other rapid loading. It most commonly 

occurs in loose, poorly graded, saturated sands (with no or low fines content), where soil voids 

more easily collapse and pore pressures rise quickly. This phenomenon has been responsible 

for tremendous amounts of damage in historical earthquakes around the world and its 

consequences include excessive settlement of buildings, lateral spreading, landslides, uplift of 

underground structures, etc. Damage due to liquefaction has been documented in dams, bridge 

foundations, harbour facilities, pipelines and tunnels, as well as a wide array of building 

foundations.    

Liquefaction has been studied thoroughly since the 60’s after the devastating earthquakes 

in Niigata, Japan and Anchorage, Alaska, USA. Although a large amount of knowledge has 

been compiled, it is still an active and much-researched topic in geotechnical and earthquake 

engineering due to its complex behaviour and severe consequences. Even though Hungary has 

much less seismic activity than the main hubs of research (Western US, Japan, etc.), the country 

does have perceptible earthquakes occasionally and some of them have even caused 

liquefaction. In spite of this, the discipline of geotechnical earthquake engineering had been 

quite neglected until the mid-2000’s in the country. After becoming the member of European 

Union, the Eurocode series were introduced in Hungary, which put much more emphasis on 

earthquake-resistant design than previous Hungarian standards. 

As earthquake engineering came into focus for design engineers, more attention was given 

to liquefaction as well. This was particularly true for critical structures, such as the Paks Nuclear 

Power Plant (NPP), where low-probability hazards were considered for design and safety 

analyses. I had the opportunity to participate in the liquefaction hazard assessment of the site 
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and at this time, several questions arose regarding the applicability of international methods to 

Hungarian sites, their reliability and uncertainty, which ultimately initiated this research. 

2. Objectives of the research  

The research was primarily initiated by experiences gathered during the liquefaction hazard 

assessment of the Paks NPP site. The hazard was quantified using several approaches including 

the state-of-the-practice procedure of effective stress analysis (site response analysis), fully 

probabilistic analyses quantifying uncertainties of the soil and the seismic parameters, and 

simplified evaluation methods, which are the most established methods in engineering practice. 

The comprehensive analysis of the site was made possible by the extensive site investigation 

and laboratory test programmes, which provided unprecedented amount of geotechnical 

information.  

However, all mentioned approaches are commonly used throughout the world, their 

application raised several questions for which the answers demanded further investigations and 

studies. As such thorough analysis of liquefaction hazard has not been undertaken in Hungary, 

therefore liquefaction characteristics of local soils have not been studied before. Due to this 

reason, a cyclic triaxial laboratory testing programme was planned to determine if these soils 

have similar characteristics to those tested abroad and if their response to cyclic loading shows 

any deviation. 

Engineering design is predicted to move towards fully probabilistic design procedures, and 

the assessment of high-risk and critical structures can be considered the flagships of this process. 

The cornerstone of such analyses is the proper characterization of uncertainties in each 

calculation step. However, it was noted that the simplified methods, which are based on the 

results of in-situ tests (CPT, SPT, VS), yielded contradicting conclusions, i.e. uncertainty 

emerging form the different types of measurements was high. The research attempted to address 

this issue and the overall performance of different probabilistic approaches was also evaluated 

through the discussion of Hungarian liquefied sites. 
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3. Summary of the dissertation 

Liquefaction is a thoroughly studied phenomenon, which has been in the focus of 

geotechnical and earthquake engineers since the 60’s. Since that a tremendous amount of 

knowledge has been gathered regarding its driving physical processes, factors affecting its 

development and there is a well-established sequence of proactive measures that are 

implemented if liquefaction hazard emerges: this includes the identification of liquefaction 

susceptible deposits, calculation of liquefaction potential and corresponding structural answers 

and if needed, already proven mitigation techniques can be implemented. The first three 

sections of the dissertation discuss these topics in detail giving particular attention to the 

different procedures commonly used to evaluate liquefaction potential of soil deposits.  

The seismicity of Hungary can be considered moderately active; magnitude 5 events is 

expected to occur in every 15 years on average. Approximately this magnitude value is the 

lower threshold limit of earthquakes that can cause liquefaction for normal soil conditions. 

Consequently, contemporary reports from the past ~350 years documented surface 

manifestations of liquefaction occurrences. The last such earthquake occurred in 1956 at 

Dunaharaszti, for which the location of two liquefied sites (one at Dunaharaszti and one at 

Taksony) could be identified and subjected to field tests even ~60 years after the event. This 

provided an excellent opportunity to analyse possibly the only accessible liquefied sites in 

Hungary.  

Analysis of the Dunaharaszti and Taksony sites included field tests (CPT, SPT, borings) 

and laboratory tests (soil classification) allowing the back-calculation of maximum horizontal 

ground acceleration of the earthquake. This parameter could be only estimated from 

macroseismic intensities and from analogies of recent similar instrumentally recorded 

earthquakes because the closest seismometer saturated during the event. The performed back-

analysis using the principles of paleoliquefaction studies gave an independent estimation of the 

ground acceleration and it was the first of such analyses in Hungary. 

In areas with low to moderate seismicity, such as Hungary, geotechnical engineers often 

overlook liquefaction hazard, however, when it is addressed, the hazard is often overestimated 

due to improper characterization of probabilistic seismic loading and site characterization. To 

explore this observation more deeply, probabilistic seismic and liquefaction hazard assessment 

were carried out at the two liquefied sites and it was found that this conclusion is also valid for 

Hungary, but the degree of conservatism of the pseudo-probabilistic procedures decreases with 

increasing earthquake return period (lower annual probability of occurrence).    
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   Given that liquefaction occurred only a few times in Hungary, first-hand field experience 

regarding liquefaction susceptibility of local soils is very scarce. Therefore, laboratory testing 

remains the best approach to determine if Hungarian soils have liquefaction characteristics 

similar to those tested abroad. Furthermore, if there are significant differences, should 

laboratory procedures be modified to better simulate Hungarian conditions? 

A comprehensive cyclic triaxial testing programme was conducted on different sand 

samples collected from along River Danube. The results were approximated by a power 

function demonstrating that they are similar to previously tested foreign soils. However, they 

do show less sensitivity to loading amplitude. In addition, a new set of parameters for the pore 

pressure generation model of Vucetic and Dobry was also recommended that can be used for 

poorly graded Danube sands with no fines content.    

The Paks NPP is the most critical facility of the country, where low probability events (with 

105-106-year return periods) shall be considered for design and safety analyses. Consequently, 

the sites of Paks 1 and Paks 2 are the most thoroughly analysed areas of the country regarding 

liquefaction susceptibility and potential what was made possible by the extensive site 

investigation works. For such high-risk facilities, the liquefaction hazard should be evaluated 

on probabilistic basis and by using state-of-the-practice procedures. The most used empirical 

(simplified) liquefaction potential assessment procedures are based on the result on an in-situ 

test (SPT, CPT or VS measurement), but these may yield to different results and consequently 

contradicting conclusions. For the sake of reducing uncertainties emerging from the different 

results of CPT and VS measurement and exploiting the non-redundant, complementary results 

of the two measurements, a combined probabilistic simplified liquefaction potential assessment 

method was developed where CPT tip resistance and VS are used together as input parameters 

Performance of this proposed simplified procedure was tested on 44 independent case 

histories of the Canterbury Earthquake Sequence, New Zealand, and a comparison was made 

with two of the most widespread procedures in the engineering practice. The results showed 

that the proposed method has worse performance than the other two, but given that it is an initial 

attempt to capture simultaneously the advantages of the two parameters and has seen very little 

refinement so far, its performance is still promising, which is reflected by the fact this equation 

produced the lowest number of mispredicted sites.  

The applicability of the proposed new cyclic stress-based method extends beyond the 

country boundaries and may become a helpful tool for practicing engineers to reliably 

characterize liquefaction potential. However, as it was shown, the performance of the method 

still lags behind that of commonly used procedures, so there is plenty of room for improvement. 
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During the compilation of the dataset used for its development, priority was given to quantity 

over quality due to the limited source data, so less reliable or potentially erroneous data may 

distort the final result. So, with data quality screening and by adding additional case histories, 

the proposed equation is hoped to be updated and refined in the future.                      

Besides the cyclic-stress based approach, the rapidly developing energy approach was also 

evaluated as it provides an alternative framework to describe seismic loading by overcoming 

the main limitations of the cyclic-stress based procedures. Although energy-related parameters, 

such as Arias intensity, may better correlate with pore pressure generation, their use in practical 

applications is still hindered by the inherited uncertainty from the attenuation relationships used 

to determine seismic loading for a particular site.  

Liquefaction has been extensively studied worldwide and is still being an active and 

intensely studied research field. Although far from being one of the major hazards in Hungary, 

previous local experiences and the presence of critical structures show that this hazard cannot 

be neglected in the country. The presented study and conclusions are intended to serve as a first 

step in better understanding the liquefaction behaviour of Hungarian soils, which were found 

to behave similarly to commonly tested foreign soil, however minor differences were observed. 
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4. New scientific results 

Statement #1 

The 1956 Dunaharaszti earthquake was one of the largest earthquakes of the 20th century 

in Hungary. The magnitude of the ground motion is well-known; however, no record of the 

induced maximum horizontal ground acceleration exists. Recently, two locations where 

liquefaction occurred in 1956 were identified (Dunaharaszti and Taksony) and then field and 

laboratory tests were conducted to explore the subsoil conditions. The maximum horizontal 

ground acceleration of the earthquake at these two liquefied locations was back-calculated on 

probabilistic basis using the principles of paleoliquefaction studies (the first of such analyses in 

Hungary) and the CPT-based correlation of Boulanger and Idriss (2014). 

Maximum horizontal ground accelerations with different probability levels were 

determined for the 1956 Dunaharaszti earthquake, according to which the amax values 

corresponding to 50% liquefaction occurrence probability are 0.247g and 0.193g at the 

Dunaharaszti and Taksony site, respectively. Figure 1 shows the results, that can also be 

interpreted as the probability of non-exceedance of different peak ground accelerations if 

it is assumed that liquefaction just occurred (i.e. factor of safety was exactly 1.0).    

 

Figure 1. Peak ground accelerations at Dunaharaszti and Taksony site required to trigger 

liquefaction with different probability levels in the critical layer 

Publications related to the statement: Bán et al. (2015a), Bán et al. (2015b), Bán et al. (2020) 
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Statement #2 

In regions with low to moderate seismicity, such as Hungary, liquefaction hazard is often 

overestimated as pointed out by Franke et al. (2019). The most commonly used pseudo-

probabilistic approach, i.e. when a single pair of amax and Mw selected for liquefaction potential 

evaluation based on the results of PSHA, tends to yield lower factor of safety than the fully 

probabilistic performance-based PLHA due to improper characterization of probabilistic 

seismic loading. 

On the two liquified sites of the 1956 Dunaharaszti earthquake, it was shown that 

conservatism of the pseudo-probabilistic liquefaction potential evaluation approach is 

decreasing with increasing return period compared to the fully probabilistic 

performance-based PLHA on areas with low to moderate seismicity.       

 

Figure 2. Ratio of the factors of safety obtained by pseudo-probabilistic and fully probabilistic PLHA 

approach in the function of earthquake return period considering mean and modal magnitudes 

 

Publications related to the statement: Katona et al. (2015b), Győri et al. (2017), Bán et al. (2020)   
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Statement #3 

   Given that liquefaction occurred only a few times in Hungary, first-hand field experience 

regarding liquefaction susceptibility of local soils is very scarce. Therefore, laboratory testing 

remains the best approach to determine if Hungarian soils have liquefaction characteristics 

similar to those tested abroad. Furthermore, if there are significant differences, should 

laboratory procedures be modified to better simulate Hungarian conditions?  

The cyclic strength curves of Hungarian sands with no fines content collected from 

along the Danube were determined using a cyclic triaxial testing device. The results were 

approximated by a power function demonstrating that they are similar to previously 

tested foreign soils. However, they do show less sensitivity to loading amplitude. 

 

 

Figure 3. Cyclic strength curves of poorly graded Danube sands (the shaded area shows range of the 

curves presented by Boulanger and Ziotopoulou (2012) and Boulanger and Idriss (2015))  

Publication related to the 

statement:  

Bán and Mahler (2019a) 
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Statement #4 

Effective stress analysis is the state-of-practice procedure to analyse liquefaction hazard of 

a site. One of the cornerstones of such modelling is the proper selection and calibration of the 

pore pressure generation model. The performance of commonly used stress-, strain- and 

dissipated energy-based pore pressure generation models were evaluated on 48 cyclic triaxial 

tests performed on poorly graded Danube sands with no fines content.  

Based on my cyclic triaxial tests, a new set of experimental parameters for the pore 

pressure generation model of Vucetic and Dobry (1986) was recommended that can be 

used for poorly graded Danube sands with no fines content.    

𝑟𝑢 =
1.0 ∙ 𝑓 ∙ 𝑁 ∙ 0.483 ∙ (𝛾𝑐 − 0.01)1.192

1 + 𝑓 ∙ 𝑁 ∙ 0.483 ∙ (𝛾𝑐 − 0.01)1.192
 (1) 

where: ru is the excess pore pressure ratio, N is the number of equivalent strain cycles, γc is the 

cyclic shear strain amplitude. Model coefficient f can be assumed as 1 or 2, depending on 

whether pore pressures are induced by one-or two-directional shaking. 

Table 1. Statistical evaluation of the fitting procedure of pore water pressure generation models using 48 

cyclic triaxial tests 

Model 
Recommended 

values of 
 p/F/b 

Q 
(average difference of 

the measured and 
precited excess pore 

pressure ratios) 

No. of tests that gave smaller 
average difference of the 

measured and precited excess 
pore pressure ratios than the 

proposed model 

Proposed values (Bán 
and Mahler 2019b) 

1/0.483/1.192 13.3% - 

Cetin and Bilge (2012) 1/0.206/1.161 13.7% 16 

Dobry et al. (1985) 1/10.9/1 50.6% 0 

Vucetic and Dobry 
(1988) 

1.04/2.6/1.7 18.4% 6 

Vucetic and Dobry 
(1989) 

1.05/1.71/1.09 29.5% 4 

Vucetic and Dobry 
(1990) 

1.071/1.333/1.08 27.4% 6 

Matasovic (1993) 1/0.73/1 17.9% 18 

Thilakaratne and 
Vucetic (1987) 

1.005/3/1.80 17.0% 9 

 

Publications related to the statement: Bán and Mahler (2016), Bán and Mahler (2019b) 
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Statement #5 

Empirical cyclic stress-based (simplified) liquefaction potential assessment methods are 

generally based on the result of CPT, SPT or VS measurement. In more complex or high-risk 

projects CPT and VS measurement are often performed at the same location; commonly in the 

form of seismic CPT. However, combined use of both in-situ indices in one single empirical 

method has been limited.  

To exploit the non-redundant, complementary results from CPT and VS 

measurements, a combined probabilistic simplified liquefaction potential assessment 

method was developed based on literature data where CPT tip resistance and VS are used 

together as input parameters. 

𝑃𝐿 = 𝛷

[
 
 
 
 

−

0.080𝑉𝑆1 + 0.177𝑞𝑐1𝑁𝑐𝑠

−8.40𝑙𝑛(𝐶𝑆𝑅𝑀=7.5,𝜎′
𝑣=1𝑎𝑡𝑚) − 46.04

3.46

]
 
 
 
 

 (2) 

where: PL is the probability of liquefaction, Φ is the standard normal cumulative probability 

function, qc1Ncs is the equivalent clean sand value of normalized overburden corrected cone tip 

resistance, VS1 is the overburden corrected shear wave velocity in m/s, and CSRM=7.5,σ’v=1atm is 

the magnitude and effective stress corrected cyclic stress ratio. Performance of the proposed 

method was tested on the independent dataset of the Canterbury Earthquake Sequence, NZ.  

 

Figure 4. Cyclic resistance ratio surface of the proposed method corresponding to 50% of liquefaction 

probability  

Publications related to the 

statement:  

Bán et al. (2016b),  

Bán et al. (2017b),  

Bán et al. (2018),  

Bán and Mahler (2018) 
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Statement #6 

Replacing earthquake magnitude and amax parameters with energy measures is a promising 

alternative to represent seismic loading. When predicting pore pressures, Arias intensity 

correlates better than peak horizontal acceleration. Additionally, several procedures have been 

proposed and developed using various energy-related parameters, however, their application in 

practice is very limited and they remain primarily in the research stage. 

Using the independent liquefaction case histories of the Canterbury Earthquake 

Sequence, New Zealand, it was shown that Arias intensity-based relationships used to 

predict liquefaction triggering are not developed enough to reliably characterize 

earthquake loading with regard to simplified liquefaction potential assessment methods. 

Table 2. Error index and number of mispredicted sites for the proposed cyclic stress-based liquefaction 

evaluation procedure compared with the developed Arias intensity-based formulae and two other 

commonly used methods 

Earthquake Parameter 
Idriss and Boulanger 

(2008) 
Kayen et al. 

(2014) 
Bán et al. (2016) 

Darfield 
error index 0.731 0.498 1.450 

mispredicted sites 5 3 5 

Christchurch 
error index 0.433 0.943 0.711 

mispredicted sites 6 6 2 

Total 
error index 1.164 1.440 2.162 

mispredicted sites 11 9 7 

 

Earthquake Parameter 

Using Kayen 
(1993) 

attenuation 
relationship 

Using Travasarou et al. 
(2003) attenuation 

relationship with the 
soil amplification factor 
of Stewart et al. (2003) 

Using Travasarou 
et al. (2003) 
attenuation 

relationship for 
Site D 

Darfield 
error index 3.232 3.323 3.237 

mispredicted sites 7 7 7 

Christchurch 
error index 0.957 1.375 1.055 

mispredicted sites 2 4 3 

Total 
error index 4.189 4.698 4.292 

mispredicted sites 9 11 10 

 

Publications related to the statement: Bán et al. (2017b), Bán et al. (2019)  
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