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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. 

The liquefaction hazard at Paks NPP site was quantified using several approaches including 

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

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

simplified evaluation method, which is the most established method 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, 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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2. The phenomenon of liquefaction 

One of the most dramatic causes of damage to structures during earthquakes is the 

occurrence of liquefaction in saturated sand deposits. Loose sand tends to contract under the 

cyclic loading imposed by earthquake shaking and expel water residing in its voids. If the pore 

water cannot move quickly enough to open pore space or the soil surface, pore pressures will 

increase within the soil volume, reducing effective confining stress and available shear strength 

within the deposit. Pore pressures may increase to the point where effective confinement is 

negligible and the soil may flow freely or lose its ability to support buildings, embankments, or 

retaining structures. This condition is termed liquefaction. For this state, the effective stress is 

zero and the individual soil particles are released from any confinement, as if the soil particles 

were floating in water (Ishihara 1985). 

A common manifestation of liquefaction is the formation of sand boils (Figure 1) or mud 

spouts at the ground surface by upward seepage of water through ground cracks, or in some 

cases, by the development of quicksand-like conditions over substantial areas. Damage from 

liquefaction is seldom, however, due to the sand boils themselves, but rather due to the loss of 

strength and stiffness in the soils that have liquefied and the associated ground deformations 

that follow. 

 

Figure 1. Sand boils caused by liquefaction of underlying sediments 

(http://www.ce.washington.edu/~liquefaction/) 
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After the soil has liquefied, the excess pore water pressure will start to dissipate. The length 

of time that the soil will remain in a liquefied state depends on two main factors: 1.) the severity 

of shaking and 2.) the drainage conditions of the liquefied soil. The longer (number of cycles) 

and the stronger (higher stress amplitude) the cyclic shear stress application from the earthquake, 

the longer (duration of time) the state of liquefaction persists. Likewise, if the soil is confined 

by upper and lower layers of soil with lower permeability, then excess pore pressure will require 

more time to dissipate, finding a path to the surface or less-saturated layers. After the 

liquefaction process is complete, the soil will restabilize in a somewhat denser state (Day 2002). 

Cyclic undrained loading behaviour is illustrated in Figure 2 by the results from an 

anisotropically consolidated undrained cyclic triaxial test on medium dense clean sand with 

uniform sinusoidal loading (Idriss and Boulanger 2008). The excess pore pressure ratio (ru) is 

computed as excess pore pressure (Δu) divided by effective minor principal stress (σ’3): 

𝑟𝑢 =
∆𝑢

𝜎′3
 (1) 

 

Figure 2. Response of loose sand to undrained cyclic triaxial loading (Idriss and Boulanger 2008) 

Figure 2 shows that axial strains (εa) remained relatively small (a fraction of 1%) until the 

mean effective stress (p’) approaches zero and correspondingly ru approaches 100%, after 

which the axial strains started to increase considerably. The corresponding stress-strain 

response shows rapid softening as p’ approaches zero, with the hysteresis loops forming an 

inverted S-shape. The stress path moves progressively toward the origin during cyclic loading 
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until it stabilizes with identical repeating loops emanating from the origin. The inverted S-

shaped stress-strain behaviour that develops as ru nears 100% arises because the specimen 

alternates between dilative tendencies during shear loading and contractive tendencies during 

unloading. 

The volumetric strain response of sand under monotonic or cyclic loading is strongly 

dependent on its void ratio. If the sand has a void ration below critical void ratio it will tend to 

dilate during the loading process. Likewise, if it has a void ratio above critical it will tend to 

contract, causing an increase in pore pressure. In the context of liquefaction, relative density is 

often used as a state property rather than void ratio. Figure 3 and 4 illustrate the results of an 

undrained cyclic triaxial test performed on a fully saturated specimen. Figure 3 shows results 

of a sand specimen having loose density, and Figure 4 shows results of the same saturated sand 

but in dense state. 

 

Figure 3. Laboratory test data from cyclic triaxial test performed on loose sand 

 

Figure 4. Laboratory test data from cyclic triaxial test performed on dense sand 

The loose sand was subjected to a much lower constant-amplitude cyclic stress than the 

dense specimen. For the loose sand, at about cycle 9, there is a sudden increase in axial strain 

reaching almost 5%, the dense specimen experiences a gradual increase in strain with each 

cycle of loading.  

There are many factors that govern the liquefaction process for in-situ soils. Based on the 

results of laboratory tests as well as field observations and studies, they are (Day 2002): 
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- Earthquake intensity and duration: The character of the ground motion, such as 

acceleration and duration of shaking, determines the magnitude of shear strains and 

number of significant cycles drive the behaviour shown in Figures 3 and 4 and lead to 

liquefaction. The potential for liquefaction increases as the earthquake intensity and 

duration of shaking increase.  

- Groundwater table: The condition most conducive to liquefaction is a near-surface 

groundwater table. Unsaturated soil located above the groundwater table will not liquefy. 

- Soil type: Soil types susceptible to liquefaction are nonplastic (cohesionless) soils. An 

approximate listing of cohesionless soils from the least to most resistant to liquefaction 

is clean sands, nonplastic silty sands, nonplastic silts, and gravels. 

- Relative density: Cohesionless soils in a loose state are more susceptible to liquefaction, 

because they will contract during the seismic shaking which will develop excess pore 

water pressure. As indicated in Figure 3, upon reaching initial liquefaction, there will 

be a sudden and dramatic increase in shear displacement for loose sands. For dense 

sands, the state of initial liquefaction doesn’t produce large deformations because of the 

dilation tendency of the sand upon reversal of the cyclic shear stress. 

- Particle size gradation and particle shape: Uniformly graded nonplastic soils tend to 

form less stable particle arrangements and are more susceptible to liquefaction than 

well-graded soils. Well-graded soils will also have small particles that fill in the void 

spaces between the large particles. This tends to reduce the contraction potential of the 

soil, resulting in less excess pore water pressures being generated during the earthquake. 

The soil particle shape can also influence liquefaction potential. For example, soils 

having rounded particles tend to densify more easily than angular-shape soil particles.  

- Confining pressure: Laboratory measurements typically indicate that for a given soil, 

relative density and stress history, there is a nonlinear relationship between liquefaction 

resistance and confining pressure. Consequently, if cyclic strengths are linearly 

extrapolated to higher effective confining stress levels, the calculated liquefaction 

resistance may be too high. Conditions that can create a higher confining pressure are a 

deeper groundwater table, soil that is located at a greater depth below the ground surface, 

and a surcharge pressure applied on the ground surface.  

There is a wide range of possible expressions of liquefaction, depending on site conditions, 

earthquake loading characteristics, and the presence of any structures on the site. These 

expressions include sand boils, lateral spreading, ground oscillation, loss of shear strength, 

settlement and tilting of buildings. 
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3. Methods of liquefaction potential assessment 

3.1. Overview of existing methods 

Assessment of liquefaction potential requires the geotechnical engineer to consider the 

following questions (Kramer1996): Is the soil susceptible to liquefaction? If the soil is 

susceptible, will liquefaction be triggered? If liquefaction is triggered, will damage occur? If 

the answer to the first question is yes (and seismicity of the area is at least moderate), the second 

question should be answered, which can be done by using one (or more) of the existing 

liquefaction potential assessment methods discussed in this section. 

According to the Safety Guide, No. NS-G-3.6 (Geotechnical Aspects of Site Evaluation 

and Foundations for Nuclear Power Plants) of the International Atomic Energy Agency 

(IAEA) and the Regulatory Guide 1.198 (Procedures and Criteria for Assessing Seismic Soil 

Liquefaction at Nuclear Power Plant Sites) of the U.S. Nuclear Regulatory Commission, the 

following approaches exist to evaluate liquefaction potential:  

- Empirical approach where liquefaction potential is evaluated by using charts 

comparing the stress ratio to in-situ test results. Triggering levels were empirically 

established on the basis of past liquefaction case histories. The earthquake magnitude 

and the fines content may have a significant influence on results. 

- Conventional analytical approach where earthquake accelerograms are used to 

determine the cyclic stress amplitude and number of significant load cycles at various 

depths in the soil profile. Cyclic strengths are determined based on field, laboratory, 

and empirical strength correlations along the same profile. Stresses are compared to 

strengths at each depth and an evaluation of potential liquefaction triggering is made., 

- Sophisticated analytical approach, in which a constitutive model of the soil is 

incorporated into a nonlinear step by step analysis to evaluate directly the build-up of 

pore pressure and the dynamic ground response (effective stress analysis), 

-  (physical modelling using centrifuges).   

The listed approaches have different advantages, drawbacks, reliability, computational 

demand, input requirements and even the results are of a different nature. The geotechnical 

engineer should choose an assessment method that is appropriate for the risk of failure, seismic 

environment, budget, and design stage (preliminary, alternative evaluation, final).  
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3.2. Empirical (simplified) methods  

3.2.1. Cyclic stress-based methods 

Cyclic stress-based empirical methods are by far the most commonly used procedures for 

liquefaction potential due to its relative simplicity, easily obtained input parameters, rapid 

results and proven safe-side performance. Moreover, it doesn’t require any costly and time-

consuming laboratory tests.  

The principles of the cyclic stress-based empirical method (or as often called: simplified 

method) were established by Seed and Idriss (1971). The procedure has two essential 

components: 1.) the development of an analytical framework to organize past case history 

experiences; and 2.) the development of a suitable in-situ index to represent liquefaction 

resistance characteristics (Idriss and Boulanger 2004). Although the framework of the method 

has remained the same, several modifications have been published since then and the method 

is still being refined periodically.  

Factor of Safety (FS) against liquefaction can be obtained by comparing two variables: the 

seismic demand on a soil layer, expressed as Cyclic Stress Ratio (CSR) and the capacity of the 

soil to resist liquefaction, expressed as Cyclic Resistance Ratio (CRR). Traditional means of 

quantifying the soil capacity and calculating CRR are the Standard Penetration Test (SPT), 

Cone Penetration Test (CPT) and shear wave velocity (VS) measurement. To account for 

earthquakes with different magnitudes, Seed and Idriss (1982) introduced a correction factor, 

termed as Magnitude Scaling Factor (MSF), which converts the number of equivalent uniform 

stress cycles (N) for a given earthquake to a reference value that is the N value from a 7.5 

magnitude ground motion. Another correction factor, termed as Kσ was introduced by Seed 

(1983) to take into account the effect of increasing confining stress with depth on liquefaction 

resistance. Combining these adjustments, factor of safety can be calculated with the following 

equation: 

𝐹𝑆 =
𝐶𝑅𝑅

𝐶𝑆𝑅
∙ 𝑀𝑆𝐹 ∙ 𝐾𝜎 =

𝐶𝑅𝑅

𝐶𝑆𝑅𝑀=7.5,𝜎′
𝑣=1𝑎𝑡𝑚

 (2) 

Seismic demand 

The seismic demand is represented by the CSR that is the ratio of cyclic shear stress (τcyc) 

and vertical effective stress at the depth of interest (σ’v0). The in-situ value of CSR can be 

estimated by the following formula (Seed and Idriss 1971):   

𝐶𝑆𝑅 =
𝜏𝑐𝑦𝑐

𝜎′𝑣0
= 0.65 ∙

𝑎𝑚𝑎𝑥

𝑔
∙
𝜎𝑣0

𝜎′𝑣0
∙ 𝑟𝑑 (3) 
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where: 0.65 is an arbitrarily selected value to convert peak cyclic stress to a reference stress 

level, amax is the peak horizontal acceleration at the ground surface, g is the gravitational 

acceleration, σv0 is the total vertical stress at the depth of interest and rd is a shear stress reduction 

factor taking into account the flexibility of the soil column.   

The shear stress reduction factor can be determined with burdensome site response analysis 

or in a simpler way, with empirical formulae derived based on the results of multiple site 

response analyses using a wide range of soil profiles and earthquake motions. Several 

researchers published empirical formulae to estimate rd, some of them are only the function of 

depth, while others also depend on magnitude, peak ground acceleration and average shear 

wave velocity of the profile. Figure 5 shows the comparison of some selected equations.      

 

Figure 5. Comparison of some selected stress reduction factors with depth (6.0 magnitude, 0.25g peak 

ground acceleration and 250 m/s average shear wave velocity) 

Since it will be used in the following parts of the thesis, the empirical expression 

recommended by Idriss (1999) is given here: 

𝑙𝑛(𝑟𝑑) = 𝛼 + 𝛽 ∙ 𝑀𝑤 (4) 

𝛼 = −1.012 − 1.126 ∙ 𝑠𝑖𝑛 (
𝑧

11.73
+ 5.133) (5) 

𝛽 = 0.106 + 0.118 ∙ 𝑠𝑖𝑛 (
𝑧

11.28
+ 5.142) (6) 
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where: Mw is the moment magnitude and z is the depth of interest in metres. The uncertainty in 

rd increases depth such that they should only be used for depths less than 20 m. 

By itself, amax is not a sufficient measure of earthquake shaking, because it contains no 

information about the duration of strong motion. To overcome this limitation, Seed and Idriss 

(1982) recommended the use of MSF to adjust the induced CSR during earthquake with 

magnitude Mw to an equivalent CSR for an earthquake magnitude with Mw=7.5 (Figure 6). MSF 

relationships can be derived by combining laboratory-based relationships between the CRR and 

the number of uniform stress cycles (see Section 6.3.) and correlations of the number of 

equivalent uniform cycles with earthquake magnitude (Idriss and Boulanger 2008). Such a 

relationship was published by Idriss (1999): 

𝑀𝑆𝐹 = 6.9 ∙ 𝑒𝑥𝑝 (
−𝑀𝑤

4
) − 0.058 ≤ 1.8 (7) 

 
Figure 6. MSF values proposed by various investigators (Idriss and Boulanger 2006) 

Cyclically loaded laboratory test data indicate that liquefaction resistance increases with 

increasing confining stress. The rate of increase, however, is nonlinear. To account for the 

nonlinearity between CRR and effective overburden pressure, Seed (1983) introduced the 

correction factor Kσ to extrapolate the simplified procedure to soil layers with overburden 

pressures different than 100 kPa (Youd et al. 2001). Boulanger and Idriss (2004) recommended 

the following formula for Kσ using a critical state framework:  

𝐾𝜎 = 1 − 𝐶𝜎 ∙ ln (
𝜎′

𝑣0

𝑃𝑎
) ≤ 1.1 (8) 

𝐶𝜎 =
1

18.9 − 17.3 ∙ 𝐷𝑅
≤ 0.3 (9) 

where: Pa is the atmospheric pressure and DR is the relative density of the soil. 
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Soil resistance based on SPT 

Semi-empirical procedures for liquefaction evaluations originally were developed using 

SPT, beginning with efforts in Japan to differentiate between liquefiable and nonliquefiable 

conditions after the 1964 Niigata earthquake. Subsequent developments have included 

contributions from many researchers, most notably the investigations of individual case 

histories where surface evidence of liquefaction was or was not observed (Idriss and Boulanger 

2006). Significant contributions were made by Seed et al. (1985), whose CRR curves were 

recommended by Annex B of Eurocode 8 Part 5, Youd et al. (2001), Cetin et al. (2004, 2018) 

and Idriss and Boulanger (2008). 

Each method highlights the importance of the normalization of raw, directly measured SPT 

blow counts by multiplying it with correction factors accounting for hammer energy ratio, 

effective confining stress, borehole diameter, rod length, and sampling technique. Liquefaction 

resistance of soils increases with increasing fines content, this is considered by either increasing 

the blow count to an equivalent clean sand value or shifting the CRR curve to the left as it is 

seen in Figure 7. After the fully normalized and corrected blow count is obtained, CRR and 

factor of safety can be determined. The CRR curve intends to separate liquefaction cases from 

nonliquefaction cases of past case 

histories. As such a perfect curve 

cannot be drawn, however a general 

approach is that the boundary should 

represent approximately a 10–15% 

probability of liquefaction after H.B. 

Seed’s recommendation (Seed 2010).    

Although SPT has been the 

original means for determining 

liquefaction resistance, its application 

is hindered by many of its drawbacks, 

e.g. the results may vary due to any 

mechanical or operator variability, it 

is costly and time-consuming, the 

results are difficult to be reproduced 

and it might miss thin, but potentially 

dangerous layers. 

 

Figure 7. SPT clean sand base curve for magnitude 7.5 

earthquakes with data from liquefaction case histories 

(Youd et al. 2001) 
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Soil resistance based on CPT 

As it was mentioned, the classical way to determine CRR curves is based on SPT, however 

CPT has reached the same confidence level, and newly developed CPT-based correlations 

represent co-equal status with regard to accuracy and reliability. Compared to SPT, CPT offers 

advantages with regard to cost, efficiency, and consistency, however the most important aspect 

is the continuity of data over depth. This stratigraphic capability makes the CPT particularly 

advantageous for developing liquefaction resistance profiles (Youd et al. 2001). Nevertheless, 

this detailed data may become a source of trouble as well: interpreters may overthink 

liquefaction hazard and tend to worry about thin (a few cm) sandy layers. 

The first CPT triggering correlations were established by using SPT-to-CPT conversions 

to present the results of SPT correlations in CPT space (Moss 2003). The first work that used 

CPT directly as the primary index test was by Shibata and Teparaska (1988). By this time, there 

existed a sufficiently large field case history database for an independent CPT correlation, 

however SPT sampling was still used to group the data into appropriate bins. The first wholly 

independent CPT-based correlation was presented by Suzuki et al. (1995). This work used both 

tip and sleeve resistance measurements from the CPT to determine the threshold for seismic 

liquefaction triggering. Follow-on studies by other researchers expanded the database and 

further developed the method of relying only on CPT measurement (e.g. Robertson and Wride 

1998, Moss et al. 2006, Idriss and Boulanger 2008, Boulanger and Idriss 2014). 

Similar to SPT, it is common practice to normalize raw CPT tip resistance (qc) values to a 

reference value of effective overburden stress and fines content. The effect of overburden stress 

is typically accounted for by normalizing the tip resistance to a reference effective stress of 100 

kPa. Boulanger and Idriss (2004) evaluated experimental and theoretical data for CPT and they 

obtained the following iterative formula for effective stress normalization:  

𝑞𝑐1𝑁 = 𝑞𝑐 ∙
𝐶𝑁

𝑃𝑎
 (10) 

𝐶𝑁 = (
𝜎′𝑣0

𝑃𝑎
)

𝑚

 (11) 

𝑚 = 0.784 − 0.521 ∙ 𝐷𝑅 (12) 

where: qc1N is the normalized overburden corrected cone tip resistance. Relative density for 

clean sands can be obtained by the following expression (Idriss and Boulanger 2003): 

𝐷𝑅 = 0.478 ∙ (𝑞𝑐1𝑁)0.264 − 1.063 (13) 
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Equation 13 may be used (and is recommended to maintain consistency) in Equation 9 to 

determine relative density. 

A major drawback of CPT-based methods is that no soil sample is retrieved and thus fines 

content (FC) correction must be done indirectly if no borehole was drilled in close proximity. 

Idriss and Boulanger (2008) presented the following expression for the calculation of equivalent 

clean sand value of the corrected tip resistance (qc1Ncs): 

𝑞𝑐1𝑁𝑐𝑠 = 𝑞𝑐1𝑁 + ∆𝑞𝑐1𝑁 (14) 

where: Δqc1N is the function of FC, however no guidance was given how to determine its value 

if no FC data is available. The same authors subsequently updated their formula and provided 

the following relationship (Boulanger and Idriss 2014):  

∆𝑞𝑐1𝑁 = (11.9 +
𝑞𝑐1𝑁

14.6
) ∙ 𝑒𝑥𝑝 (1.63 −

9.7

𝐹𝐶 + 2
− (

15.7

𝐹𝐶 + 2
)

2

) (15) 

The expression for Δqc1N was derived to be consistent with the approximate effect that fines 

content has on the ratio qcN /N60. Boulanger and Idriss (2014) proposed Equation 16 to estimate 

FC, however they emphasize that general correlations between FC and soil behaviour index (Ic 

as defined by Robertson and Wride (1998)) or other CPT-based indices exhibit large scatter, 

such that site-specific calibration or checking of such correlations is strongly encouraged. 

𝐹𝐶 = 80 ∙ 𝐼𝑐 − 137 (16) 

Boulanger and Idriss (2014) then proposed the following deterministic triggering 

correlation, which can be used for the determination of soil capacity: 

𝐶𝑅𝑅 = 𝑒𝑥𝑝 (
𝑞𝑐1𝑁𝑐𝑠

113
+ (

𝑞𝑐1𝑁𝑐𝑠

1000
)
2

− (
𝑞𝑐1𝑁𝑐𝑠

140
)
3

+ (
𝑞𝑐1𝑁𝑐𝑠

137
)
4

− 2.8) (17) 

The equation was derived by maintaining consistency with empirical trends in qc/N60 ratios, 

and with the SPT-based correlation in terms of equivalent relationships between CRR and the 

relative state parameter index. This deterministic triggering curve was developed as part of a 

probabilistic analysis corresponding to a probability of liquefaction (PL) of about 16% (model 

uncertainty alone) (Boulanger and Idriss 2014).  

 

Soil resistance based on VS 

Shear wave velocity measurements provide a promising alternative because VS can be 

measured with non-intrusive methods, and can provide both a potentially rapid screening 

method, and a method for assessment of coarse, gravelly soils which cannot be reliably 

penetrated or characterized with SPT or CPT. Furthermore, VS has the advantage of correlating 
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more directly with relative density, which has a strong effect on the cyclic behaviour of 

saturated soils (Idriss and Boulanger 2008). Moreover, VS is also directly related to small strain 

shear modulus (Gmax), which is an essential parameter required in analytical procedures for 

estimating dynamic soil response. 

Nevertheless, the use of VS in liquefaction potential assessment has shortcomings, from 

which 3 major concerns were discussed by Youd et al. (2001): 1.) seismic wave velocity 

measurements are made at small strains, whereas pore-water pressure build-up and the onset of 

liquefaction are medium to high strain phenomena; 2.) seismic testing does not provide samples 

for classification of soils; and 3.) thin, low Vs strata may not be detected if the measurement 

interval is too large. 

The first commonly used and widely accepted VS-based liquefaction potential assessment 

method was published by Andrus and Stokoe (2000). This had been the primary procedure for 

such analysis until the work of Kayen et al. (2013), which made a huge step in the advancement 

of VS-based methods due to the adopted advanced statistical framework and the compilation of 

a remarkable global catalogue consisting 422 case histories.  

As well as CPT tip resistance, VS is also routinely normalized to an equivalent value 

measured at 100 kPa effective overburden stress (VS1) (Robertson et al. 1992): 

𝑉𝑆1 = 𝑉𝑠 ∙ (
𝑃𝑎

𝜎′
𝑣0

)
0.25

≤ 1.5 ∙ 𝑉𝑆 (18) 

Gmax and VS of sands, silts and clays are of a similar range; VS measurement does not allow 

detecting small differences in fines content, i.e. VS is relatively insensitive to FC. Several 

studies showed (Andrus and Stokoe 2000, Zhou and Chen 2007, Kayen et al. 2013) that increase 

in fines content to 35% has a maximum adjustment of 5 m/s. Compared to uncertainties arising 

from other parts of the methodology this uncertainty is fairly negligible. Thus, fines content 

correction of shear wave velocity was omitted in the procedure of Kayen et al (2013). 

Kayen et al. (2013) used Bayesian analysis to develop probabilistic liquefaction potential 

correlations for VS1 after thorough data quality assessment and screening. For the deterministic 

assessment of liquefaction susceptibility, the authors recommend the PL = 15% contour for use 

as the single deterministic boundary for VS1-based liquefaction evaluation: 

𝐶𝑅𝑅

= 𝑒𝑥𝑝 {
[(0.0073 ∙ 𝑉𝑆1)

2.8011 − 2.6168 ∙ 𝑙𝑛(𝑀𝑤) − 0.0099 ∙ 𝑙𝑛(𝜎′
𝑣0) + 0.0028 ∙ 𝐹𝐶 − 0.4809 ∙ 𝛷−1

(𝑃𝐿)]

1.946
} 

(19) 

where: Φ is the standard cumulative distribution.  
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Probabilistic correlations 

The first published correlations to assess liquefaction potential were all deterministic 

relationships. Although it was recognized by the very first researchers that a single boundary 

curve cannot be drawn that perfectly separates liquefaction and nonliquefaction cases, the lack 

of case histories and advanced computational tools prevented the development of probabilistic 

relationships. Thus, the first boundary curves were drawn with considerable engineering 

judgement and many of them lacked any functional form. However, even from the beginning, 

the intent of Seed and Idriss (1971) was to have inherent conservatism in the deterministic 

boundary curve, so H. B. Seed recommended that it should represent approximately a 10–15% 

probability of liquefaction. This intention was adopted subsequently by most of the 

geotechnical community and it is a common practice to use 15% probability as deterministic 

boundary.   

By the end of the 80’s and 90’s, the growing number of documented liquefaction case 

histories and the rapidly increasing computational capacities allowed the development of the 

first probabilistic correlations. Although at the end of the 90’s, these methods were considered 

still under development and not sufficiently formulated for routine engineering practice (Youd 

et al. 2001), the past 20 years has seen tremendous amount of improvement and recently, all the 

most commonly used methods have firm probabilistic basis, such as the procedures of Cetin et 

al. (2004), Moss et al. (2006), Kayen et al. (2013) (Figure 9), and Boulanger and Idriss (2012, 

2014) (Figure 8).  

The first 3 listed methods were part of a comprehensive and elaborate research program 

that was launched at the University of California, Berkeley. Their approach used powerful and 

flexible probabilistic tools (Bayesian updating) and took advantage of the available field case 

histories and broadened knowledge affecting the processing and interpretation of these. The 

regression analysis made it possible to develop the equations of correction factors influencing 

liquefaction potential directly from the field case histories. Boulanger and Idirss (2012, 2014) 

chose a maximum likelihood approach that utilizes the forms of the limit state and likelihood 

functions used by Cetin et al. (2002). Other researchers used first order reliability method 

(Juang et al. 2006) or maximum likelihood approach (Ku et al. 2012) to estimate PL from 

existing deterministic correlations. 

Uncertainty incorporated in the probabilistic methods can be divided into two major 

categories. The first is called parameter uncertainty, which includes uncertainty due to the 

natural variability of the soil and any error in the input parameters, such as errors in the in-situ 

measurements leading to incorrect penetration resistance values or uncertainties in the 
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estimation of amax and magnitude that actually affected the given site. The second category is 

the model uncertainty, which can arise from sources like incorrect functional form of the 

probabilistic equation or affecting parameters that were left out from the analysis (e.g. grain 

shape, aging, permeability). A majority of the most commonly used probabilistic methods, even 

if they quantify measurement and parameter uncertainties, present their final equation by 

excluding parameter uncertainty and leaving only the model uncertainty in the formula. As it is 

noted by Boulanger and Idriss (2014), a fully probabilistic liquefaction hazard analysis can be 

structed so that it sequentially branches through a range of seismic hazards and site 

characterizations, so it may be reasonable to only include model uncertainty in the liquefaction 

triggering analysis because the parameter uncertainties were already accounted for in the 

previous branches of the analysis.             

 
Figure 8. CPT-based probabilistic contours of Boulanger and Idriss (2014) 

 
Figure 9. VS-based probabilistic contours of Kayen et al. (2013) 
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3.2.2. Energy concept 

Energy-related methods are a relatively new concept. The approach originated from the 

observation that hysteretic dissipated energy can be related to volumetric strain and thus pore 

pressure generation (Nemat-Nasser and Shokooh 1979). There have been several proposals for 

estimating dissipated energy both directly from earthquake source parameters, and from site 

Intensity Measures (IM) commonly used in seismology and earthquake engineering like Arias 

Intensity (IA) and Cumulative Absolute Velocity (CAV).  

An optimal intensity measure for liquefaction hazard evaluation should perform well with 

regard to efficiency, sufficiency and predictability. Efficiency is a measure of the uncertainty 

with which excess pore pressure can be estimated for a given IM; an efficient IM is one that the 

excess pore pressure is closely related to. A sufficient IM is one for which excess pore pressure 

is conditionally independent, for a given IM, of other quantities such as magnitude and distance. 

For a sufficient IM, the addition of information about magnitude and distance produces no 

additional benefit in terms of reduced variability of the excess pore pressure. And predictability 

is the accuracy with which the IM can be predicted. 

An Arias intensity-based method was presented by Kayen and Mitchell (1997) for 

liquefaction potential assessment. Originally developed by Arias (1970) to quantify the 

destructiveness of earthquake motions on buildings, Arias intensity is “the sum of the total 

energy per unit weight stored in a population of undamped linear oscillators evenly distributed 

in frequency, at the end of earthquake shaking”. Arias intensity may be computed using the 

following equation: 

𝐼𝐴 =
𝜋

2 ∙ 𝑔
∙ (∫ 𝑎𝑥

2(𝑡)𝑑𝑡 + ∫ 𝑎𝑦
2(𝑡)𝑑𝑡

𝑡0

0

𝑡0

0

) (20) 

where: t0 is the duration of earthquake shaking and ax and ay are the perpendicular components 

of horizontal ground acceleration. 

Arias intensity at the surface of the soil profile can be converted to its corresponding value 

at the liquefied critical depth (IAb) using a reduction parameter (analogue to the rd stress 

reduction factor) that was statistically derived by Kayen and Mitchell (1998): 

𝑟𝑏 = 𝑒𝑥𝑝(
35

𝑀𝑤
2

∙ 𝑠𝑖𝑛(−0.09 ∙ 𝑧)) (21) 

Arias intensity has better sufficiency and efficiency than amax, but its predictability is poorer 

(Mayfield 2007); the latter conclusion is also demonstrated in Section 7.5.  
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A new intensity measure for liquefaction evaluation was introduced by Kramer and 

Mitchell (2006): the cumulative absolute velocity with a 5 cm/s threshold limit (CAV5). Having 

examined ~300 intensity measures, they found that this parameter has the best combination of 

efficiency and sufficiency compared to any other intensity measure (Figure 10). Moreover, its 

predictability was also found to be within an acceptable limit. CAV5 can be obtained by the 

following equation: 

𝐶𝐴𝑉5 = ∫ 〈𝜗〉|𝑎(𝑡)|𝑑𝑡    𝑤ℎ𝑒𝑟𝑒 〈𝜗〉 = {
0   𝑓𝑜𝑟 |𝑎(𝑡)| < 5𝑐𝑚 𝑠𝑒𝑐2⁄

1   𝑓𝑜𝑟 |𝑎(𝑡)| ≥ 5𝑐𝑚 𝑠𝑒𝑐2⁄
} 

∞

0

 (22) 

The reduction coefficient of CAV5 transforming its value from the ground surface to the 

depth of interest (z) can be estimated with the following formula (Mayfield 2007):  

𝑟𝑐 =

0.87 + 0.0091 ∙ 𝑉𝑆0 + (1 +
1.38 ∙ 𝑧

√𝑉𝑆0

)

−𝑧

+ 𝑐𝑜𝑠 (
5.0 ∙ 𝑧
𝑉𝑆0

) ∙ (1 +
0.077 ∙ 𝑧

√𝑉𝑆0

)

−𝑧

2.87 + 0.0091 ∙ 𝑉𝑆0
 

(23) 

where: VS0 is the intercept of the linear regression of the VS values of soil layers in the upper 12 

m zone at the ground surface.  

It can be shown that both IA and CAV have very similar physical meaning (Katona and Tóth 

2013). Both are integral parameters, so they account for the entire time-history diagram, not 

just the highest amplitude peak. Arias intensity and CAV have the advantage that they reflect 

frequency content, amplitude and duration of the ground motion and as pore pressure builds up 

progressively during the motion, they can better track the rise of excess pore pressure, however 

their application is still limited due to the lack of experience and verification. 

 

Figure 10. Average pore pressure ratio efficiency plots for peak ground acceleration, Arias intensity 

and CAV5 based on several hundreds of site response analyses (Kramer and Mitchell 2006)  
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3.3. Laboratory tests 

The first researchers started to analyse liquefaction phenomenon in laboratories and due to 

their efforts, the governing physical principles and laws, the process of pore pressure build-up 

and the factors influencing liquefaction initiation have all been well studied and understood. 

Although a tremendous amount of knowledge was gathered about liquefaction in the past ~50-

60 years thanks to rapidly improving laboratory testing devices and techniques, it has still 

remained an active topic in geotechnical engineering and is still being the subject of numerous 

studies and testing programmes. 

Cyclic triaxial devices and cyclic simple shear devices are both well-suited for cyclic 

strength testing of field samples. The cyclic triaxial test is the most commonly used laboratory 

test for measurement of liquefaction related processes. It comprises a cylindrical specimen 

surrounded by a thin rubber membrane; the specimen is placed between top and bottom loading 

platens and is subjected to a pneumatically applied radial stress and cyclically changing axial 

stress. By virtue of these boundary conditions, the principal stresses in the specimen are always 

horizontal and vertical. The test is most commonly performed on isotropically consolidated 

specimens representing level-ground sites, where no initial shear stresses exist (Kramer 1996).    

The cyclic simple shear test is capable of reproducing more realistic earthquake stress 

conditions than cyclic triaxial tests. In the cyclic simple shear test, a short, cylindrical specimen 

is restrained against lateral expansion by rigid boundary platens, a wire reinforced membrane, 

or stacked rings. By applying cyclic horizontal shear stresses to the top or bottom of the 

specimen, the test specimen is deformed in much the same way as an element of soil subjected 

to vertically propagating, horizontally polarized S waves (Kramer 1996).   

The results of cyclic laboratory testing are often used to determine dynamic soil parameters 

(damping ratio and degradation of shear modulus) or the cyclic strength of the tested material. 

The latter is generally presented as cyclic strength curves, which show the required number of 

cycles to cause failure for different cyclic stress ratios in a given soil (Figure 11). In liquefaction 

analysis, failure is generally defined as loss of effective confining pressure due to excess pore 

pressure build-up (usually referred to as initial liquefaction) or 5% double amplitude strain (± 

2.5% axial strain).  

Cyclic strength curves are heavily dependent on relative density as it is also reflected by 

Figure 11. Change in relative density shifts the curve vertically as a denser soil skeleton needs 

larger cyclic load to become liquefied for the same number of cycles than looser soil structures.  
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The CRR versus N relationship, over the range of N values important to earthquake loading, 

can often be reasonably approximated using a power law as: 

𝐶𝑅𝑅 = 𝑎 ∙ 𝑁𝑏 (24) 

where: b is the fitting parameter describing the slope of the relationship. This b value is 

commonly used to determine the slope of MSF relationships.  

 

Figure 11. Typical cyclic strength curves presented by Ziotopoulou and Boulanger (2012) 

Up until the late 70’s to early 80’s, the preferred approach for evaluating cyclic liquefaction 

potential involved cyclic laboratory testing, however due to difficulties associated with sample 

preparation and replication of field conditions in the laboratory, in-situ based methods have 

become the dominant approach in practice.    

The biggest concern in liquefaction hazard evaluation with laboratory testing is sample 

disturbance. It is extremely difficult to extract undisturbed samples from loose, saturated 

granular soils; thus, disturbed and then reconstituted samples are used most commonly. Sample 

disturbance may be avoided by obtaining frozen samples, but that procedure has significant cost 

that many cannot afford. There are several ways to reconstitute a sample and reach the desired 

relative density, such as moist tamping, dry tamping, air pluviation, etc. but it has been shown 

that different preparation techniques may result in significantly different cyclic response 

(Yoshimi et al. 1984). 

Another important source of concern is replicating in-situ stress condition in the laboratory 

and then imposing real-life like earthquake loading on the samples. Triaxial test devices can 

produce isotropically and anisotropically consolidated samples, with the latter being able to 
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reproduce K0 stress condition of the field, however in this case an undesirable initial shear stress 

will exist in the sample. S waves are often considered propagating vertically and imposing shear 

stress pulses in horizontal direction, while the principal stresses in the soil remain vertical and 

horizontal leading to the rotation of principal directions. However, cyclic triaxial device 

produces axial stress pulses in hydrostatic stress condition, which means that the principal 

directions rotation will always stay vertical and horizontal.  

Due to the above listed reasons, the value of CSR measured in a cyclic triaxial device 

(CSRtx) cannot be directly used for field conditions; first it needs to be corrected to account for 

the effect of differences in loading (Ishihara et al. 1977, Ishihara 1985): 

𝐶𝑆𝑅 = 0.9 ∙ 𝑐𝑟 ∙ 𝐶𝑆𝑅𝑡𝑥 (25) 

𝑐𝑟 =
1 + 2 ∙ 𝐾0

3
 (26) 

where: the factor 0.9 accounts for the observation that multidirectional shaking causes pore 

pressure to increase more rapidly than does unidirectional shaking (Pyke et al. 1974).               

3.4. Analytical methods 

Liquefiable soils exhibit strongly nonlinear behaviour when subjected to earthquake 

shaking. They tend to soften when subjected to increasing numbers of cycles of loading and 

can both stiffen and soften within an individual cycle of loading as they approach liquefaction. 

Analytical approaches comprise such a nonlinear step by step analysis (site response analysis) 

that can evaluate directly the build-up of pore pressure and the dynamic ground response. In 

most cases, effective stress analysis is carried out because it can simulate time-dependent 

changes in pore pressure and their effects on changes in the properties of soil. In this 

sophisticated analysis, the liquefaction potential can be directly assessed according to chosen 

seismic input motions in terms of the build-up of pore pressure or the development of strain. 

However, the results may be quite variable owing to different input motions, constitutive 

models and other parameters, and the final assessment should be made in consideration of the 

extent of variability (IAEA Safety Guide, No. NS-G-3.6).  

Because the stiffness of geologic materials generally decreases as seismic waves approach 

the ground surface, incoming waves are typically refracted to an increasingly vertical path. As 

a result, modelled sites are often idealized as one-dimensional, horizontally layered systems 

responding to vertically propagating shear waves. The layer boundaries and the bedrock are 

assumed to extend infinitely in horizontal direction.   
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The soil column is discretized into individual layers using a multi-degree-of-freedom 

lumped parameter model or finite elements (Kramer 1996). In many time domain solutions, 

each individual layer i is represented by a corresponding mass, nonlinear spring, and a dashpot 

for viscous damping. Lumping half the mass from two consecutive layers at their common 

boundary forms the mass matrix. The stiffness matrix is updated at each time increment to 

incorporate nonlinearity of the soil. Figure 12 presents a schematic representation of the 

discretized lumped parameter model for one-dimensional wave propagation. 

In a nonlinear analysis, the following dynamic equation of motion is solved: 

[𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑢} = −[𝑀]{𝐼}�̈�𝑔 (27) 

where: [M] is the mass matrix, [C] is the viscous damping matrix, [K] is the stiffness matrix, 

{�̈�} is the vector of nodal relative acceleration, {�̇�} is the vector of nodal relative velocities, {𝑢} 

is the vector of nodal relative displacements, üg is the acceleration at the base of the soil column 

and {I} is the unit vector. [M], [C] and [K] matrices are assembled using the incremental 

response of the soil layers. The soil response is obtained from a constitutive model that 

describes the cyclic behaviour of soil. This dynamic equilibrium equation is solved numerically 

at each time step using a time integration method.  

 

Figure 12. Multi-degree-of freedom lumped parameter model representation of horizontally layered soil 

deposit shaken at the base by a vertically propagating horizontal shear wave (Hashash et al. 2010) 

The cornerstones of the constitutive model are the stress-strain relationships of virgin 

loading and unloading-reloading; the former is defined by the so-called backbone curve, which 

describes the degradation of shear modulus with increasing strains (Figure 13) and the inelastic 



Liquefaction susceptibility of poorly graded Danube sands Zoltán Bán 

 

23 
 

response is governed by unloading-reloading rules such as those of Masing (1926) or Cundall 

and Pyke (Pyke 1979). Laboratory tests showed that stiffness of the soil and accordingly the 

degradation curve is influenced by relative density, effective stress state, plasticity index, 

overconsolidation ratio and number of loading cycles (Kramer 1996). 

A typical soil subjected to symmetric cyclic loading might exhibit a hysteresis loop of the 

type shown in Figure 13. The breadth of the loop is related to its area, which as a measure of 

energy dissipation, can conveniently be described by the damping ratio (ω): 

𝜔 =
𝑊𝐷

4 ∙ 𝜋 ∙ 𝑊𝑆
=

1

2 ∙ 𝜋

𝐴𝑙𝑜𝑜𝑝

𝐺𝑠𝑒𝑐 ∙ 𝛾𝑐
2
 (28) 

where: WD is the dissipated energy, WS is the maximum strain energy and Aloop is the area of 

hysteresis loop. The breadth of the hysteresis loop increases with increasing cyclic strain 

amplitude, which indicates that the damping ratio increases with increasing strain amplitude.  

 

Figure 13. Typical hysteretic stress-strain relationship, backbone curve and modulus reduction curve for 

soils (Xu and Fatahi 2015 after Kramer 1996) 

Pore pressure generation is predicted by semi-empirical models, with the computed pore 

pressure, and reduced effective stress, used to degrade the backbone curves in a way that 

represents the softening and weakening expected at lower effective confining pressures. Some 

of these models account for pore water pressure redistribution by solving the diffusion equation 

in parallel (but not coupled) with the wave equation solution. A more detailed description of 

the existing pore water pressure generation models can be found in Section 6.4.1.  

. Ground response analysis may be considered the current state-of-practice method for 

liquefaction potential evaluation, however they are not commonly used in practice, though, at 

least partially due to the difficulty of determining the constitutive parameters that they require 

as input. 
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3.5. Performance-based (fully probabilistic) approach 

Liquefaction potential evaluations are generally performed to assess the hazard from 

specific scenario earthquakes. These evaluations estimate the potential deterministically by 

defining factor of safety or predict the probability of liquefaction for a given scenario event.  

Usually, the level of ground motion is obtained from the results of a Probabilistic Seismic 

Hazard Assessment (PSHA). Although it is determined probabilistically, a single level of 

ground shaking is selected and used within the liquefaction potential evaluation (Kramer and 

Mayfield 2007). This approach is called pseudo-probabilistic approach. In contrast, the fully 

Probabilistic Liquefaction Hazard Assessment (PLHA) methods provide a complete picture of 

liquefaction hazard, namely taking into account the joint probability distribution of amax and 

magnitude of earthquake scenarios; both of which are key inputs in the stress-based simplified 

methods. 

The basis of PLHA is the same as that of the PSHA proposed by Cornell (1968). But in 

this case, maximum acceleration is replaced with the level of liquefaction as the hazard being 

examined. The probabilistic cyclic stress-based (simplified) methods provide the conditional 

probability of liquefaction for a scenario earthquake and therefore it is more self-evident to use 

them during the calculation of total probability of liquefaction i.e. to integrate them into the 

process of PLHA. Initially, the SPT-based procedures were built into the process of PLHA, but 

later other in-situ measurement-based methods were also incorporated.  

In order to be able to use the PSHA results without repeating the whole calculation, 

Marrone et al. (2003) presented a method that determines the liquefaction hazard as a post-

process to the PSHA by using the disaggregation matrices of peak accelerations.  

Kramer and Mayfield (2007) have developed a fully probabilistic liquefaction potential 

evaluation method using the performance-based earthquake engineering (PBEE) framework. 

The PBEE methodology was developed at the beginning of the 2000’s. It computes the hazard 

and/or risk as a function of several intermediate variables characterized as the intensity measure, 

engineering demand parameter (EDP), damage measure (DM), and decision variable (DV). 

Each of these intermediate variables is linked together using the total probability theory into a 

chain of conditional probabilities (Cornell and Krawinkler 2000).  

According to the performance-based liquefaction potential evaluation method of Kramer 

and Mayfield (2007), FS represents the EDP and the joint distribution of amax and Mw represents 

the IM. The annual rate of non-exceedance for a given factor of safety (FS*) i.e. the liquefaction 

hazard curve can be calculated as: 
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Λ𝐹𝑆∗ = ∑ ∑ 𝑃(𝐹𝑆 < 𝐹𝑆∗|𝑎𝑚𝑎𝑥,𝑖, 𝑀𝑤,𝑗) ∙ ∆𝜆𝑎𝑚𝑎𝑥,𝑖,𝑀𝑤,𝑗

𝑁𝑎𝑚𝑎𝑥

𝑖=1

𝑁𝑀𝑤

𝑗=1

 (29) 

where: NMw and Namax are the number of magnitude and horizontal peak surface acceleration 

increments, respectively. P(FS<FS*|amax,i,Mw,j) is the conditional probability of liquefaction 

given the occurrence of amax,i and Mw,j, while ∆𝜆𝑎𝑚𝑎𝑥,𝑖,𝑀𝑤,𝑗
 is the joint incremental mean annual 

rate of exceedance of amax,i and Mw,j that are computed from the joint probability bins from a 

ground motion disaggregation analysis. 

So, the inputs of the procedure that represent the loading, are the magnitude distributions 

contributing the amax for different return periods; these come from the disaggregation matrices 

of probabilistic seismic hazard assessment. The other inputs are the results of in-situ and 

laboratory tests and characterize the liquefaction resistance of soils. 

The procedure gives the direct estimate of the return period of liquefaction and the 

liquefaction hazard curves in function of depth as results. The method combines the 

disaggregation matrices computed for different exceedance frequencies during probabilistic 

seismic hazard analysis with the SPT-based probabilistic liquefaction method of Cetin et al. 

(2004). The procedure has been widely used since its development (Vipin et al. 2010; Franke 

2011; James et al. 2014). Because there is no professional consensus about the applicability of 

the Cetin et al. method, other schemes have been also integrated into the framework (Franke et 

al. 2014, Hatch 2017).   

According to Kramer (2014), even though the performance-based approach is currently 

applied for particularly large or particularly important projects due to the significant work 

required to perform the analysis, they represent the future of earthquake engineering practice. 

In a report of the National Academies of Sciences (2016), the authors also recommended the 

refinement, development and implementation of performance-based approach for liquefaction 

evaluation as part of the growing demand for risk-based liquefaction assessment and 

performance-based design.   

Equation 29 describes the liquefaction hazard curves that can be determined for any depth 

where liquefaction susceptible sandy soils occur. Since liquefaction is expected to occur when 

CRR < CSRM=7,5,σ’=1atm (i.e., when FS < 1.0), the return period of liquefaction (TR) corresponds 

to the reciprocal of the mean annual rate of non-exceedance of FS=1.0: 

𝑇𝑅 =
1

Λ𝐹𝑆∗=1
 (30) 
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4. Hungarian liquefaction cases 

4.1. Documented cases 

Hungary is situated in the Pannonian Basin, which lies between the high seismicity 

Mediterranean area and the East European Platform which can be treated as nearly aseismic. 

Based on the magnitude recurrence parameters, the region can be characterized as a moderately 

seismically active area (Tóth et al. 2002). The return period of a magnitude 6 earthquake is 

about 125 years while magnitude 5 events occur in every 15 years on average. 

The greatest portion of Hungary is occupied by low-lying plains, which are covered by 

Holocene fluvial and alluvial sediments with relatively high groundwater table. Liquefaction 

susceptibility is high in such cohesionless, young, loose, water-saturated soils. This type of 

subsoil frequently occurs in such geomorphological settings as abandoned river channel, former 

lakes and ponds, and backfill of lifelines. Consequently, significant portion of the country’s 

area is prone to the development of liquefaction, and in fact, despite the moderate seismicity, 

several liquefaction cases were documented after larger historical earthquakes (Figure 14)., for 

example in Komárom (1763, 1783, 1822), Mór (1810), Érmellék (1829, 1834), Kecskemét 

(1911) and Dunaharaszti (1956) (Győri et al. 2015).  

 

Figure 14. Seismicity of Hungary and observed liquefaction cases (Győri et al. 2015) 
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The Komárom earthquake occurred on 28 June 1763 is the largest known earthquake in 

Hungary. The intensity of the ground motion was IX on the European Macroseismic Scale 

(EMS) at the epicentre. According to Zsíros (2000), a magnitude of 6.3 was estimated from 

macroseismic data, which corresponds to a moment magnitude of Mw=6.5. ShakeMap 

simulation of horizontal peak acceleration distribution estimated that the maximum horizontal 

acceleration exceeded 0.3g in 115 km2 area of the epicentre (Győri et al. 2015). 

The main damage was reported from the town of Komárom located on the left bank of the 

river Danube. The earthquake destroyed one-third of the city, more than 120 were injured and 

63 fatalities were also recorded. In addition to building damage, soil liquefaction and damage 

resulting from liquefaction can be concluded from contemporary accounts. Based on these, 

many cracks were formed on the surface from which water and muddy, blackish-brown sand 

came up to the surface. A two-meter-high geyser of water 6 cm in diameter was observed along 

the Danube and tiny mud volcanoes arose on the floodplain. Some streets sank approximately 

5 cm (Győri et al. 2015). 

Liquefaction during the earthquake was fairly extensive. There are reports of liquefaction 

manifestations not only from Komárom but from a 55 km long NEE elongated area from the 

town of Győr to Madar (Modrany). However, most of the reports came from the left bank of 

the Danube.  

The second largest earthquake was reported from Komárom on 22 April 1783. The 

earthquake catalogue of Zsíros (2000) gives VII–VIII epicentral intensity for the event and a 

magnitude of 5.2 was estimated from macroseismic data (Mw=5.8). The ground motion caused 

major damage in Komárom again, but the effects were limited to a much smaller area than in 

1763. Soil liquefaction during the event was indicated by sand boils at Komárom and Lábatlan. 

Similar phenomenon was observed 59 years later when another larger earthquake (epicentral 

intensity VI; M=4.2, Mw=5.0) hit the area (Győri et al. 2015). 

The Mór earthquake occurred on 14 January 1810 at 8 km depth. The catalogue of Zsíros 

(2000) gives an epicentral intensity of VIII and a magnitude of 5.4 estimated from macroseismic 

data (Mw=5.9). The maximum horizontal acceleration exceeded 0.25g in the vicinity of the 

epicentre according to ShakeMap simulation of the earthquake. Kitaibel and Tomtsányi (1814) 

described evidences of liquefaction, cracks and “springs”, which were formed in clayey-sandy 

soils. Although their report mentions several settlements, where these phenomena were 

observed, their exact location is not known.  

The small Érmellék seismic zone was hit by two major earthquakes: the first ground motion 

was generated on 1 July 1829 and the second stronger earthquake occurred on 15 October 1834. 
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The ground motions’ maximum intensity was estimated to be VII-VIII and IX on the MSK 

scale, respectively. According to Zsíros (2000), their magnitude computed from the epicentral 

intensity was 4.9 (Mw=5.5) and 6.3 (Mw=6.5), respectively. Liquefaction was observed in 

nearby villages after both earthquakes: local accounts reported the formation of cracks on the 

ground surface from which bluish sands and water escaped to the surface (Réthly 1952), sand 

boils and sand and mud volcanoes. Exact location of the liquefied sites and thus the properties 

of the layers suffered liquefaction are not known. 

The Kecskemét earthquake occurred to the northeast of the town on 8 July 1911. An 

epicentral intensity value of VIII (EMS scale) was determined subsequently, and its magnitude 

was 5.6 (Mw=5.9) based on instrumental measurements. Signs of liquefaction, a mud volcano, 

was observed at the epicentral area after the event, which were described with scientific 

accuracy in the publications of Ballenegger (1911) and Réthly (1911). The site of a mud volcano 

with a diameter of 1.5 m had been excavated as shown in Figure 15.  

 

Figure 15. The excavated sand volcano that was developed during the 1911 Kecskemét earthquake 

(photo from MTA CSFK GGI Archive) 

In his study, Ballenegger (1911) described the characteristics of the mud volcano and the 

surrounding subsoil: “…light bluish grey wet sand was discovered in an amount of 25–30 litres 

on the morning after the earthquake, which found its way to the surface through a fissure with 

a length of 1.5 m and a width of 0.5 cm…” According to this report, liquefaction occurred in 

the coarse bluish quartz sand formation starting from the depth of 4.5 m. The presence of clayey 

zones in the upper fine-grained sand formation could facilitate the generation of water pressure 

as it prevented rapid dissipation. 
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4.2. Dunaharaszti (1956) earthquake and liquefaction case 

One of the most significant earthquakes of the 20th century in Hungary occurred on 12 

January 1956 at Dunaharaszti located directly to the south of Budapest. The highest intensity 

of the event was about VIII on the EMS scale (Zsíros 2000) and its moment magnitude was 

estimated to be Mw=5.9. Instrumental epicentre was located near Dunaharaszti, in the triangle 

bordered by the settlements of Dunaharaszti, Taksony and Szigetszentmiklós. The highest 

damage was also reported from these three settlements (Simon 1956). A focal depth of 14 km 

has been estimated from instrumental data (Szeidovitz 1986). 

The Dunaharaszti earthquake was felt throughout Hungary with the exceptions of the 

easternmost and westernmost parts of the country. Building damage occurred within a radius 

of 37 kilometres. In the epicentral area, in Dunaharaszti, out of the 3500 buildings some 3144 

suffered damage, however it should be noted that most of these buildings were constructed from 

adobe. The earthquake claimed two casualties and left many injured and homeless. After the 

main shock, hundreds of smaller and larger aftershocks occurred in the region. 

The formation of cracks indicating soil liquefaction, as well as sand and mud volcanos 

were observed at a few locations particularly in areas close to the Danube. Several cracks in 

SSW–NNE direction were observed on the surface in the yard of Sziget Csárda in Taksony 

only about 30 m distance from the Ráckeve branch of Danube (Somogyi 1956). Eyewitnesses 

claimed that water was ejected high from the well on the yard of the inn. Bluish grey silty sand 

came to the surface through 5–8 cm diameter holes found behind and north of the inn (Figure 

16). 

 

Figure 16. Sand boils after Dunaharaszti earthquake at Taksony (photo from MTA CSFK GGI Archive) 
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At Szigetszentmiklós, sand and mud spurt and siltation of dug wells were observed around 

Szilágyi, Árpád and Rákóczi streets, near the Suburban Railway. The same phenomena were 

observed in Damjanich and Duna streets (Figure 17) in areas along the Danube, at Dunaharaszti. 

 

Figure 17. Soil liquefaction in Dunaharaszti (photo from MTA CSFK GGI Archive) 

A Wiechert-type seismometer operated in Budapest ~15-20 km north of the epicentre but 

it was saturated by the earthquake; so, instrumental information does not exist about the shaking 

strength. Ground acceleration caused by the event could only be deduced from macroseismic 

intensity values and from analogies of similar earthquakes where strong motion data exist. 

ShakeMap simulation of horizontal peak ground acceleration distribution of the ground motion 

resulted in amax > 0.2g in the 220 km2 area of the epicentre (Figure 25). The amax greater than 

0.1g in an area of 2,600 km2 and reached 0.05g at about 8,000 km2 (Győri et al. 2015).   

4.3. Back-analysis of Dunaharaszti earthquake peak ground acceleration 

As mentioned in the previous section, no instrumental data exists regarding the peak ground 

acceleration of Dunaharaszti earthquake, because the ground movement exceeded the 

measurement range of the closest seismometer. However, back-analysis procedures can be used 

on liquefied sites to estimate amax on geotechnical basis.    

Back-analysis procedures are widely used in paleoseismological studies to estimate 

features of historical earthquakes.  Paleoliquefaction studies have two phases: the first phase 

entails the performance of field investigations, wherein paleoliquefaction features are located, 

mapped, and dated. The second phase is the back-analysis itself; wherein quantitative 

techniques are used to determine the magnitude of the causative paleoearthquake and better 
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constrain its source location (Maurer et al. 2015). Back-analysis techniques have been 

increasingly applied in paleoliquefaction studies in many seismically active regions (e.g. 

Obermeier 1998, Schneider 1999, Ellis and de Alba 1999, Cox et al. 2004). 

Several analytical methods are available for the procedure of back-analysis on geotechnical 

basis, but only two have been used extensively (Olson et al. 2004). Major reliance has been 

placed on cyclic stress-based methods, which have been proposed to evaluate the liquefaction 

potential of soils at sites subjected to design (future) earthquake motions. However, in addition 

to forward analysis, these procedures have proven valuable for estimating the combination of 

amax and Mw required to induce liquefaction at sites for pre-instrumental earthquakes (this 

approach is referred hereinafter as back-analysis or back-calculation). The other principal 

technique, which is commonly referred to as the magnitude-bound method, uses the range of 

liquefaction effects (i.e., the liquefaction site most distant from the source) to estimate the value 

of Mw. Although other methods are also available, generally they are considered less developed. 

Compared to conventional paleoliquefaction studies of historical earthquakes, the case of 

Dunaharaszti ground motion is somewhat different because the magnitude of the event is well-

known and only the acceleration needs to be estimated. The value of amax can be calculated 

deterministically by rearranging Equation 2 and 3: 

𝑎𝑚𝑎𝑥 =
𝐶𝑅𝑅

𝐹𝑆
∙ 𝑀𝑆𝐹 ∙ 𝐾𝜎 ∙

𝑔 ∙ 𝜎′𝑣0

0.65 ∙ 𝜎𝑣0 ∙ 𝑟𝑑
 (31) 

or using probabilistic versions of the cyclic stress-based methods. In a deterministic analysis, 

FS=1.0 is generally set to a probability of PL~15%, which is reasonable for design problems in 

order to remain on the safe side, but in back-calculation it can lead to the underestimation of 

earthquake parameters. Thus, in such cases, the use of PL=50% is recommended.  

Both deterministic and probabilistic approaches can be used for the back-calculation, but 

latter methods give better insight into the uncertainty of the result, because deterministic 

methods usually start from an initial assumption of FS that is usually set to 1.0. Considering 

that the magnitude of Dunaharaszti earthquake was moderate and surface manifestation of the 

liquefaction was not extensive, this assumption might reflect site conditions well, but 

probabilistic approaches are still more favourable.  

After the Dunaharaszti earthquake, the exact locations of the liquefied sites were recorded, 

and in December 2013 it was possible to identify many of them during a visit even ~60 years 

after the earthquake (Bán et al. 2015b). Two of the locations proved to be suitable for 

performing in-situ geotechnical measurements allowing for back analysis: Site-1: Duna street 
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in Dunaharaszti, where the well shown in Figure 17 still exists and Site-2: yard of the Sziget 

Csárda at 1 Sziget út, Taksony (Figure 18).  

 

Figure 18. Surface manifestations of liquefaction after the Dunaharaszti earthquake (marked by 

blue squares) and the location of the two studied sites 

After the site visit, both locations were subjected to a detailed geotechnical site 

investigation, which included exploratory borings, SPTs and CPTs. The borings were carried 

out by 190-mm diameter auger. The soil samples were then transferred to the Geotechnical 

Laboratory of the Department of Engineering Geology and Geotechnics, BME, Budapest, 

where laboratory tests were conducted on them.   

Based on the site investigation and laboratory tests, the sites comprise the following soil 

profile: the surface is covered by transitional layers (silty clay, silt, sandy silt) in approx. 3 m 

thickness. This is underlain by an approx. 1 m thick silty sand/sand layer, which is followed by 

a thin gravelly layer. Below the gravelly layer, sandy silt can be found at the Dunaharaszti site 

and sand and gravel at the Taksony site. The boreholes terminated in clay in both locations. The 

groundwater was encountered in 2.8 and 2.5 m depth in Dunaharaszti and Taksony, respectively.     

A crucial step in the back-analysis is the identification of the critical layers, i.e. the layers 

that were liquefied during the Dunaharaszti earthquake. At Site-1, the liquefied layer could be 

identified easily as both the CPT and SPT records (Figure 19) and the grain size distribution 

(Figure 20) indicate that the silty sand layer between 3.5 and 5.1 m depths was the critical one. 

This layer is loosely deposited, which is also confirmed by the fact that it was not possible to 

retrieve the soil sample from the SPT sampler as it pushed aside the soil in front of it during 

penetration. The layer has a coefficient of uniformity of CU = 6-9 and an average fines content 

of 25%.  
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Figure 19. Soil profile, SPT blow counts (N), CPT tip resistance (qc), sleeve friction (fs) and friction 

ratio (FR) at Site-1 

 

Figure 20. Grain size distribution of the liquefied silty sand from 4.7 m depth (Site-1) 

At Site-2, the soil profile is more variable. The silty sand is slightly more compacted than 

at Dunaharaszti, thus it seems that the most susceptible layer to liquefaction is the sand layer 

around 5 m depth based on the in-situ (Figure 21) and laboratory tests. According to the layer’s 

grain size distribution (Figure 22), it is poorly graded, which is also confirmed by its low 

coefficient of uniformity (CU = 3.76). The layer has an average fines content of 10%. 

The probabilistic estimation of amax was carried out using two SPT-based (Cetin et al. 2004, 

Boulanger and Idriss 2012) and three CPT-based probabilistic methods (Moss et al. 2006, Juang 
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et al. 2006, Boulanger and Idriss 2014) in both locations (Figure 23 and 24). In the month before 

the earthquake, the average precipitation was approximately the same as the 100-year average, 

therefore the presence of an average groundwater level is a reasonable assumption during the 

event. The subsequent site exploration was also carried out at an average groundwater level in 

the early summer of 2014. Therefore, the calculation was performed with the assumption of the 

same groundwater depths that were measured during the ground investigation.      

 

Figure 21. Soil profile, SPT blow counts (N), CPT tip resistance (qc), sleeve friction (fs) and friction 

ratio (FR) at Site-2 

 

Figure 22. Grain size distribution of the liquefied silty sand from 5.2 m depth (Site-2) 
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Figure 23. Peak ground acceleration required to trigger liquefaction with different probability 

levels in the critical layer using SPT- and CPT-based methods at Site-1 

 

Figure 24. Peak ground acceleration required to trigger liquefaction with different probability 

levels in the critical layer using SPT- and CPT-based methods at Site-2 

Figure 23 and 24 show the required peak ground acceleration to trigger liquefaction with 

different probability levels in the critical layer (Bán et al. 2015b). The figures can also be 

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

if we assume that liquefaction just occurred (i.e. FS was exactly 1.0). The inclination of the 

different curves is rather similar, they span roughly the same interval length – except for the 

result obtained by Juang et al. – but they are shifted horizontally from one another. As it can 
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be seen, the corresponding methods that were developed by the same group of authors (the 

procedures of Moss et al. and Cetin et al. were both developed at the University of Berkeley, 

CA) yielded approximately the same curves regardless of the in-situ method. 

This difference between the methods is mainly attributed to two main factors: fines content 

correction and position of the CRR curves. The fines content correction of the Boulanger and 

Idriss method is much larger than that of Cetin et al. and Moss et al. For example, the measured 

blow count was N=3 at Site-1, which is converted into a normalized blow count of (N1)60~3.5 

for both SPT-based methods. Then, fines content correction of the procedures of Boulanger and 

Idriss and Cetin et al. increases this value to 8.6 and 5.1, respectively. This is the main reason 

why the difference is considerably larger at Site-1, where the fines content in the critical layer 

was FC=25% compared to Site-2, where the fines content was “only” FC=10%. The other main 

factor causing the significantly different PL values is the position of the CRR curves. This 

difference even started a far-reaching debate between the authors (Seed 2010, Idriss and 

Boulanger 2010) that has not reached a professional consensus yet.   

The arithmetic means of amax values corresponding to 50% liquefaction occurrence 

probability are 0.20g and 0.18 g at Site-1 and Site-2, respectively. Among the five used methods, 

the CPT-based method of Boulanger and Idriss is deemed to be the most accurate and most 

realistic. On one hand, SPT testing has no tradition in Hungary and contractors has no practice 

in performing them, hence the results often turned out to be erroneous as also pointed out by 

Katona et al. (2015b). On the other hand, independent comparison of CPT-based methods by 

Green et al. (2014) showed that the procedure proposed by Idriss and Boulanger (2008) – which 

was updated in 2014 – yields the best prediction for the analysed case histories. If only the CPT-

based equation of Boulanger and Idriss (2014) is considered, then the amax values corresponding 

to 50% liquefaction occurrence probability are 0.247g and 0.193g at Site-1 and Site-2, 

respectively. These latter estimations are closer to the ShakeMap simulation accelerations 

(Figure 25), thus they seem to be more realistic approximations of the actual amax values.  

According to the National Annex of MSZ EN 1998-1:2008 (Eurocode 8), the reference 

peak ground acceleration on type A ground at Taksony and Dunaharaszti is agR=0.14g. Strictly 

speaking the soil profile should be categorized into ground type S2, which includes deposits of 

liquefiable soils. According to Section 3.1.2. of the same code: “for sites with ground conditions 

matching either one of the two special ground types SI or S2, special studies for the definition 

of the seismic action are required. For these types, and particularly for S2, the possibility of 

soil failure under the seismic action shall be taken into account”. However, these special 

studies are very often omitted due to budget and time restrictions and the soil profile is 
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categorized into one of the “regular” ground types. At the two studies sites, this ground type 

category would be Ground type D, for which a soil factor of S=1.35 belongs to. Assuming an 

importance factor of γI=1.0, the horizontal peak ground acceleration at the surface (i.e. amax) 

becomes 0.14g*1.35=0.189g, so most likely this value would be used in conventional design.   

 

Figure 25. ShakeMap simulation of horizontal peak ground acceleration (amax/PGA) distribution of the 

1956 Dunaharaszti earthquake. White diamonds on the map indicate liquefaction sites 

The seismic zonation map of Eurocode is defined for a probability of exceedance of 

PNCR=10% in 50 years (TNCR=475 years return period). Both the ShakeMap simulation and the 

back-analysis for Site-1 overestimate the above-presented value. This may indicate that either 

the recommendation of Eurocode for sites with loose granular soils in this region is 

unconservative (underestimates design acceleration) or acceleration caused by the Dunaharaszti 

event has a higher return period than 475 years. A PSHA was performed for the site by László 

Tóth (Section 5.2.1.) and it resulted in a bedrock acceleration of 0.135g and a corresponding 

surface acceleration of 0.151g for 475-year return period (Table 1). However this surface value 

is approximate considering the simplicity of the transfer function with which the site effect was 

accounted for, it is still lower than the values obtained by the back-calculation indicating that 

amax caused by the Dunaharaszti earthquake has a higher return period than 475 years.      
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5. Conservatism of pseudo-probabilistic liquefaction hazard 

analysis 

5.1. Liquefaction hazard in areas with low to moderate seismicity 

In regions 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 as 

pointed out by Franke et al. (2019).  

The most common procedure to evaluate liquefaction potential of a site is using one of the 

in-situ test-based simplified methods discussed in Section 3. The seismic loading is represented 

by a single pair of amax and Mw associated with the return period or hazard level of interest. 

This return period of interest is defined by Eurocode 8 as 475 years corresponding to 10% 

probability of exceedance for a 50-year period for conventional structures (for critical structures, 

it is customary to take into account lower probabilities). The National Annex of the code 

presents a mapped “bedrock” acceleration distribution for this return period and then this given 

value is paired with a single Mw often selected arbitrarily or less often obtained from a ground 

motion disaggregation analysis at the same return period yielded by PSHA. After the “bedrock” 

acceleration is converted to its surface values (amax) typically by using the soil factors specified 

in the Eurocode, the selected values are incorporated into a deterministic liquefaction analysis, 

often with the assumption that the computed liquefaction hazards correspond to the same return 

period or likelihood as the probabilistic estimate of amax. This approach to characterize seismic 

loading has been termed the “pseudo-probabilistic” approach (Rathje and Saygili 2008). 

Franke et al. (2019) demonstrated that this pseudo-probabilistic procedure, however 

commonly used in practice, tends to overestimate liquefaction hazard in regions with low to 

moderate seismicity compared to the fully probabilistic performance-based PLHA (see Section 

3.5.). They evaluated 10 sites with demonstrative soil profile throughout the Central and Eastern 

US for which the magnitude, acceleration and site amplification factors were all selected as per 

the relevant codes require (for a return period of 2475 years).  The results showed that predicted 

liquefaction triggering is generally smaller in regions of low to moderate seismicity when 

probabilistic seismic loading is characterized with a performance-based approach rather than 

the pseudo-probabilistic approach. As they conclude, this trend occurs because the 

performance-based approach considers seismic loading from all return periods, thus accounting 

for the much lower likelihood of ground motion occurrence at lower return periods in regions 
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of low to moderate seismicity. Arndt (2017) incorporated the CPT-based probabilistic models 

proposed by Ku et al. (2012) and Boulanger and Idriss (2014) into the performance-based 

PLHA and arrived to the same conclusion that the performance-based approach appeared to on 

average predict smaller liquefaction hazard than the conventional, pseudo-probabilistic method. 

Katona et al. (2019) performed a similar analysis for the site of Paks NPP, however the 

considered return periods were considerably larger: 10,000 and 100,000 years, which are typical 

for design and safety analyses for nuclear power plants. The authors proposed a simple method, 

that is based on the proper selection of Mw as mean value from the distribution of magnitudes 

contributing to the mean amax at given hazard level, for the evaluation of liquefaction hazard for 

screening and margin assessment purposes. The results showed that pseudo-probabilistic 

methods will not yield to over-conservative results for return periods of T ≥ 10,000 years, where 

near-to-the-site large earthquakes dominate the hazard.      

These studies indicate that conservatism of the pseudo-probabilistic approach compared to 

fully probabilistic performance-based PLHA may decrease with increasing return periods. This 

conjecture was attempted to be verified on the two liquified sites of the Dunaharaszti 1956 

earthquake. The sites are presented in detail in Section 4.2. The calculations were performed 

by incorporating the CPT-based procedure of Boulanger and Idriss (2014) into pseudo-

probabilistic and performance-based approach.       

5.2. Seismic and liquefaction hazard assessment of Dunaharaszti 

5.2.1. PSHA of Dunaharaszti 

The PSHA for Dunaharaszti was performed by László Tóth using the software CRISIS2007 

(Ordaz et al. 2007). The applied procedure was basically the same as originally defined by 

Cornell (1968) and that is used for the hazard assessment of different projects in Hungary. 

In the first step, three areal seismic source models were defined. One of them was a model 

that was used in earlier hazard assessment in Hungary (Tóth et al. 2006). The second one was 

the SHARE source model compiled for the Pannonian Region, whereas the third one was a 

modified version of the SHARE model, which was prepared on the basis of new seismotectonic 

knowledge. To describe the seismicity in the source zones, the Gutenberg-Richter equation was 

applied from minimum magnitude of 3.5. The magnitude-frequency relation was truncated at 

Mmax values that were determined on the basis of historical seismicity. In the absence of local 

attenuation model, three NGA (Boore et al. 2014, Campbell and Bozorgnia 2014, Chiou and 

Youngs 2014) and one European (Akkar et al. 2014) ground motion prediction models were 
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used. The epistemic uncertainties were taken into account by logic tree that contained 144 

branches.  

Disaggregation matrices, which show the contribution of different magnitude - distance 

pairs to a given level of mean value of the hazard, were determined for altogether 24 return 

periods. Figure 26 shows the disaggregation matrix for 475-year return periods. In this case, 

nearby (with an epicentral distance of 0–20 km) relatively smaller magnitude (Mw=4.9–5.3) 

events give the largest contribution to the hazard. But because only amax and magnitude are 

necessary for cyclic stress-based evaluation of liquefaction potential, the marginal distributions 

of magnitude by summing the contributions of each distance was also computed. As shown in 

Figure 27, the relative contribution of smaller events decreases whereas the contribution of 

larger magnitudes increases with increasing return periods (decreasing annual probability). 

Note that every magnitude distribution is truncated at magnitude 6.7, which is the supposed 

maximum magnitude of the source zones inside the Pannonian Basin. 

 

Figure 26. Disaggregation matrix belonging to 475-year return period 

Using these distributions, seismic hazard curves disaggregated on the basis of magnitude 

could be calculated; their sum yields the total hazard curve (Figure 28). These disaggregated 

curves also show the larger contribution of small magnitude events at larger probabilities, i.e. 

at smaller amax values. The effect of larger magnitude events is more significant only at very 

large return periods. The curves belonging to earthquakes with magnitude larger than 6.7 

indicate the contributions of events occurred at the boundaries of Pannonian Basin. 
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Figure 27. Marginal distributions of magnitude contributing to peak rock outcrop acceleration for 

different return periods 

 

Figure 28. Seismic hazard curves disaggregated based on the magnitude  
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PSHA was computed for a stiff soil characterized by 550 m/s VS30 value, which is realistic 

for Pannonian sediments according to our previous experiences. However, stress-based 

liquefaction assessment methods require the maximum acceleration expected on the surface as 

input parameter. Because young Holocene fluvial sediments with lower S wave velocities cover 

the surface and velocity measurements were not carried out, site amplification could only be 

determined empirically, so the surface amax was computed using the median Quaternary 

alluvium amplification factor (AF) as determined by Stewart et al. (2003): 

𝐴𝐹 =
𝑎𝑚𝑎𝑥,𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑎𝑚𝑎𝑥,𝑏𝑒𝑑𝑟𝑜𝑐𝑘
= exp(−0.15 − 0.13 ∙ ln𝑎𝑚𝑎𝑥,𝑏𝑒𝑑𝑟𝑜𝑐𝑘) (32) 

However, this is not a major issue as our main purpose was to study the differences arising 

from the application of various liquefaction potential assessment methods, and not to precisely 

define the liquefaction hazard at the two selected sites. The two studied sites are approximately 

5 km distance from each other so the same PSHA results could be used as input loading. 

For the pseudo-probabilistic liquefaction hazard evaluation, six different return periods 

were selected: 475, 981, 2627, 4980, 10,000 and 100,000 years. The corresponding surface 

acceleration and the modal and mean magnitude values computed from the marginal 

distributions of magnitude are shown in Table 1.  

Table 1. Return periods, maximum accelerations and magnitudes belonging to the six selected 

earthquake scenarios for the pseudo-probabilistic analysis  

T (year) amax (g) - bedrock amax (g) - surface Mw, modal Mw, mean 

475 0.135 0.151 5.3 5.1 

981 0.186 0.199 5.5 5.3 

2627 0.268 0.274 5.8 5.4 

4980 0.328 0.327 5.8 5.5 

10000 0.403 0.391 6.0 5.6 

100000 0.710 0.639 6.0 5.7 

 

5.2.2. PLHA of Dunaharaszti 

In moderate seismicity regions, such as Hungary, the smaller magnitude earthquakes give 

significant contribution to the hazard, especially at higher exceedance probabilities (Győri et al. 

2017) as it is also reflected by Figure 28. However, these earthquakes don't cause shaking of 

sufficiently high amplitude and duration that could induce liquefaction. According to Green 

and Bommer (2019), earthquakes as small as Mw=4.5 can trigger liquefaction in extremely 

susceptible soil deposits. However, these soil deposits correspond to site conditions where 

building construction is not viable. For soil profiles that have sufficient strength to support 
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foundations, the minimum earthquake magnitude is about 5.0. So, they proposed that in 

liquefaction hazard assessments for engineering applications, magnitude 5.0 should be adopted 

as the minimum earthquake size. This recommendation is consistent with the opinion of 

Atkinson et al. (1984) who also proposed Mw=5 as min. magnitude in probabilistic evaluation 

of liquefaction. The Hungarian liquefaction cases presented in Section 4.1 were all induced by 

earthquakes with magnitude larger than 5.0.   

The two studied sites are located on granular terrace formations of the Danube, close to the 

residential part of the settlements, so a minimum magnitude of 5.0 was adopted in the PLHA. 

Therefore, curves belonging to magnitudes less than 5.0 had been removed from the 

disaggregated hazard curves shown in Figure 28 for the PLHA. Because of this, the total hazard 

curve has changed, which is especially noticeable at low return periods (Figure 29). In the 

performance-based assessment, these curves were used to characterize seismic loading. 

 

Figure 29. Seismic hazard curves disaggregated based on the magnitude (Mw>5)  

The applicability of the CPT-based liquefaction evaluation procedure of Boulanger and 

Idriss (2014) for magnitudes between Mw=5.0-5.5, that are lower than the magnitudes 

considered for the development of the method, was analysed and verified (Győri 2019, personal 

communication).   

5.2.3. Results 

Liquefaction hazard curves and return periods of liquefaction for both sites were 

determined by the PBEE procedure of Kramer and Mayfield (2007). Liquefaction hazard curves 

show the mean annual rate of non-exceedance of different factors of safety. These can be used 

in the same manner as conventional ground motion hazard curves, but in this case probabilities 
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of non-exceedance are computed instead of exceedance probabilities. Figure 30 shows the 

hazard curves calculated for the two sites.  

 

Figure 30. Liquefaction hazard curves computed for different depths for a) Dunaharaszti site and 

b) Taksony site using the CPT-based procedure of Boulanger and Idriss (2014) 

Factor of safety can be obtained from the liquefaction hazard curves by selecting the annual 

probability of exceedance (i.e. return period) of interest and then, the corresponding factor of 

safety can be read from the horizontal axis for each measurement depth. An example for 475-

year return period is shown in Figure 30.     

Besides applying the PBEE framework, factors of safety were also calculated by the 

conventional pseudo-probabilistic way for the six listed return periods. In this case, the 

calculation was carried out for the corresponding scenario events that are listed in Table 1 by 

using both the mean and modal magnitudes, which were determined from the disaggregation 

matrix of PSHA. While the Boulanger and Idriss (2014) method has a probabilistic basis and 

gives the probability of liquefaction for a scenario earthquake as a result, a deterministic factor 

of safety can also be obtained by rearranging its formula. 

Factor of safety with depth obtained by the conventional pseudo-probabilistic and the 

performance-based approach are presented and compared in Figure 31 for two selected return 

periods. As it is also reflected by the results, this analysis also confirmed the conclusion of 

Franke et al. (2019) that the pseudo-probabilistic approach tends to overestimate liquefaction 

hazard in regions with low to moderate seismicity compared to the fully probabilistic 

performance-based PLHA. Moreover, as it can be expected, FS is much larger for an earthquake 

with higher annual probability (smaller return period). Figure 31 also confirms the conclusion 

of Section 4 that the acceleration caused by the Dunaharaszti earthquake has a higher return 

period than 475 years Slightly larger FSs were obtained at the Dunaharaszti site for the same 
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ground motion; this corresponds to the results of Section 4.3. that larger peak ground 

acceleration occurred during the 1956 earthquake at Dunaharaszti than at Taksony.     

 

Figure 31. Factor of safety with depth for the sites of a) Dunaharaszti site and b) Taksony site calculated 

using the pseudo-probabilistic and performance-based approach for 475- and 2627-year return period 

and the modal magnitudes 

If the factor of safety calculated by the fully probabilistic approach is divided by that of the 

pseudo-probabilistic, the ratio will decrease with increasing return period (i.e. decreasing 

annual probability of occurrence) as it is shown in Figure 32. For 475-year return period, PLHA 

yielded ~1.45 times higher factor of safety than the pseudo-probabilistic procedure, whereas 

this value is 1.22 for 10,000-year return period if the modal magnitude values are considered. 

The rate of change is decreasing with increasing return period and seems to converge to a certain 

value. The same conservatism level of the two approaches at high return periods was not 

reached as it was noted by Katona et al. (2019), nevertheless the conservatism of the pseudo-

probabilistic approach reduced considerably. The observed tendencies seem to be independent 

of subsoil conditions as the two sites basically gave the same result.     

The same tendencies can be observed if the mean magnitudes are used in the calculation 

instead of the modal magnitudes (Figure 32). As Table 1 shows, mean magnitudes are 

somewhat smaller than the modal values; this yields slightly smaller factors of safety for the 
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pseudo-probabilistic approach, and consequently, slightly (with ~2-5%) smaller ratio of the 

results between the different approaches, but the overall trends are the same. 

The same analysis was also carried out by using the results of SPTs and the simplified 

procedure of Cetin et al. (2004) and (2018), and the same tendencies were observed as discussed 

above. In this case, the difference between the sites was minimal also, but the conservatism of 

the pseudo-probabilistic approach was slightly smaller, i.e. the factor of safety ratios are smaller. 

At 100,000-year return period, the two approaches yielded similar results having less than 12-

13% difference in them if the modal magnitude is used and 1-2% difference if the mean 

magnitude is considered.    

The performed PSHA used a minimum magnitude of 3.5 however, as noted by Bommer 

and Crowley (2017), Mmin is really an engineering rather than a seismological parameter and its 

meaning is related to the estimation of seismic risk. For this reason, different seismic hazard 

analyses use different Mmin values, e.g. the Seismic Hazard Harmonization in Europe (SHARE) 

project selected a minimum magnitude of 4.5. To analyse the effect of the Mmin value on the 

above discussed conclusion, PSHA was also performed by using this minimum threshold value 

in the analysis and then calculating factor of safety with pseudo-probabilistic approach by 

applying the new seismic loading parameters. It was found that Mmin has no considerable 

influence on the results, and the observed trend that conservatism of pseudo-probabilistic 

approach is decreasing with increasing return period also appears this case also.       

 

Figure 32. 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 
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6. Laboratory testing of sand soils from along river Danube 

6.1. Goal of the laboratory testing program 

As it was already discussed in Section 4., Hungary can be characterized as a moderately 

seismically active area. 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 local 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? 

Even though, simplified liquefaction potential evaluation using in-situ test results is carried 

out occasionally in practice, laboratory testing of these soils targeting their cyclic behaviour is 

practically non-existent. Thus, cyclic testing of local granular soils can be helpful for 

liquefaction potential evaluations by verifying whether these soils are at all susceptible to 

liquefaction and if so, can degree of their susceptibility be estimated? Due to budget and time 

restrictions, it is unrealistic to perform such cyclic tests for all projects where liquefaction 

hazard arises as a concern, but an overall testing program addressing typical, Hungarian, 

granular soils can be a baseline for such site-specific assessments.          

Our laboratory testing program focused on granular, poorly graded soils with no fines 

content collected along the Danube river. The site from where the samples were collected 

comprises Quaternary deposits – fluvio-aeolian silty sand and sand, fluvial sand and gravel – 

on the top ~27-28 m, and grain size is typically increasing with depth. The Quaternary layers 

are underlain by Upper Miocene very dense, occasionally slightly cemented heterogenous soils 

in great thickness. 

The reason why these types of soils were selected is threefold: 1.) they are abundant along 

the river and the subsoil at Budapest and Paks NPP comprises such soils in great thickness: two 

locations with large and important developments where liquefaction potential evaluation is 

often necessary; 2.) the groundwater table along the Danube lies in a relatively shallow depth, 

thus fulfilling the requirement of liquefaction i.e. the soil being saturated and 3.) as the 

Hungarian seismicity is considered moderately active, liquefaction and considerable excess 

pore pressure generation is most likely in the most susceptible type of soil that is poorly graded 

sand with no or small fines content. Nevertheless, very loose silty/clayey sands can still liquefy 

after stronger earthquakes as it was the case at Dunaharaszti, but the research budget only 

allowed the testing of one soil type, which was chosen to be sand with no fines content.             
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6.2. Cyclic triaxial testing 

Altogether, six different types of fluvio-aeolian and alluvial sands collected from sites 

along the River Danube were tested. Two of them had very similar characteristics: yellowish 

brown colour and they were mainly composed of fine sand. These samples likely had fluvio-

aeolian and aeolian origin. The other four types of sands were more greyish, mostly comprised 

medium-sized grains and predominantly had fluvial origin. All six sands were poorly graded, 

their coefficient of uniformity varied between CU = 2.19-2.91. The grain size distribution curves 

and the characteristic values of the curves are presented in Figure 33 and Table 2.  

 

Figure 33. Grain size distribution curves of the tested sands denoted with numbers #1, #2, #3, #4, #5 

and #6  

Table 2. Grain size characteristics of the tested sand soils 

Soil 
Composition (%) Coeff. of Uniformity Coeff. of Curvature 

Gravel Sand Silt Clay CU (-) CC (-) 

Sand #1 0.14 99.86 0.00 0.00 2.19 1.07 

Sand #2 0.20 99.80 0.00 0.00 2.31 1.01 

Sand #3 1.74 98.26 0.00 0.00 2.91 1.30 

Sand #4 3.08 96.92 0.00 0.00 2.63 1.07 

Sand #5 1.39 98.61 0.00 0.00 2.59 0.88 

Sand #6 0.07 90.12 7.42 2.40 2.88 1.14 
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Besides grain size composition, density is perhaps the most important factor that affects 

liquefaction susceptibility. To investigate this effect, the soil samples were prepared with three 

different densities: loose, medium dense and dense. Primary focus was given to loose condition 

as it is the most susceptible state for excess pore pressure generation. Samples of Sand #1, #2 

and #3 were prepared in all three densities, whereas samples of Sand #4, #5 and #6 were only 

tested in a loose condition. With each condition, four tests were carried out with different 

loading amplitudes to allow the determination of cyclic strength curves. Thus, altogether 48 

cyclic triaxial tests were conducted; a summary of these tests is shown in Table 3 and their 

individual laboratory reports are presented in Appendix 1.       

The cyclic triaxial tests were performed in the Geotechnical Laboratory of the Department 

of Engineering Geology and Geotechnics, Budapest University of Technology and Economics 

(BME) with a 31-WF7050 dynamic triaxial system by Wykeham Farrance (Figure 34). The 

tests were conducted in accordance with the guidelines of ASTM D5311-13 (Load Controlled 

Cyclic Triaxial Strength of Soil), which describes the way to determine cyclic strength of soils.    

 

Figure 34. Cyclic triaxial device of the Department of Engineering Geology and Geotechnics, BME  
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Cyclic triaxial testing – similar to conventional consolidated triaxial testing – has four main 

steps: sample preparation, saturation, consolidation and loading. The first step is sample 

preparation, for which a cylindrical specimen (~7 cm height and ~3.8 cm diameter) is created. 

It is extremely difficult and costly to retrieve undisturbed soil samples from loose, non-cohesive, 

granular soils; hence the use of reconstituted samples was unavoidable. Loose specimens were 

created by dry pluviation technique by keeping the drop height zero, whereas medium dense 

and dense specimens were tamped in 5-6 layers to reach the desired relative density.   

The saturation process is designed to ensure that all voids within the test specimen are filled 

with water. This was achieved by first applying a partial vacuum to the specimen to ensure its 

stability and remove air from inside followed by a linear increase of the cell and back pressures, 

while a constant effective stress of 10 kPa was maintained to prevent over-consolidation. The 

goal of increasing the back pressure is to force the remaining air bubbles inside the specimen 

into solution. As proper saturation is essential for liquefaction testing, it was also facilitated by 

flushing the specimen with CO2 after sample preparation. CO2 goes into solution much more 

readily than plain air, allowing for a more rapid saturation. Skempton’s B-value was used to 

check if the degree of specimen saturation was sufficiently high. The ASTM D5311-13 standard 

requires a B-value of 0.95 before proceeding to consolidation.    

The consolidation stage was used to bring the specimen to the effective stress state required 

for loading. Consolidation process generally took place less than 1 min given that the tested 

material had negligible fines content. Isotropic consolidation was used to prevent the 

development of unfavourable initial shear stresses in the specimen. The isotropic effective 

stress (σ’3c) during consolidation was selected to match field stress conditions of the sample’s 

origin that was approx. 150 kPa.  

After consolidation, the specimens were subjected to harmonic cyclic loading. As it was 

mentioned, the samples were tested at each relative density with four different cyclic loading 

amplitudes. The frequency of the loading was selected to be 2 Hz because several of our projects 

at Budapest showed that the natural frequency of the soil profile varies between ~1.5-2.0 Hz, 

so wave components with this frequency are likely to be amplified during an earthquake.  

Cyclic stress ratio for the cyclic triaxial test can be obtained by the following equation:  

𝐶𝑆𝑅𝑡𝑥 =
𝜎𝑑

2 ∙ 𝜎′3𝑐
=

𝜏𝑐𝑦𝑐

𝜎′3𝑐
 (33) 

where: σd is the deviator stress (maximum amplitude) of the cyclic loading and τcyc is the 

maximum cyclic shear stress. Then, the CSR measured in a cyclic triaxial test can be converted 

to its equivalent field value using Equation 25 and 26.    
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Cyclic loading was maintained until failure occurred; failure is most commonly defined by 

either the point when cyclic double amplitude vertical strain exceeds 20% (this value is often 

taken as 5%) or when initial liquefaction occurs (i.e. the excess pore pressure, ru, reaches 1.0). 

In our case, initial liquefaction always occurred at the same time as the double amplitude 

vertical strain exceeded 5% for loose and medium dense sands. For dense samples, initial 

liquefaction was reached a few cycles before the axial strain would have exceeded its limit 

value, so failure was defined as ru, reaching 1.0. Table 3 summarizes the testing program.  

Table 3. Summary of the performed cyclic triaxial tests 

No. of 
test 

Sand 
type 

Condition 
Void 
ratio        
e (-) 

Deviator 
stress     

σd (kPa) 

CSRtx                 
(-) 

CSR                 
(-) 

No. of cycles 
to reach 

failure (ru=1.0) 

#1_1 #1 loose 0.73 35 0.12 0.07 18 

#1_2 #1 loose 0.76 40 0.13 0.08 10 

#1_3 #1 loose 0.74 30 0.10 0.06 70 

#1_4 #1 loose 0.77 50 0.17 0.10 3 

#1_5 #1 dense 0.51 65 0.22 0.13 7 

#1_6 #1 dense 0.53 40 0.13 0.08 175 

#1_7 #1 dense 0.51 50 0.17 0.10 53 

#1_8 #1 dense 0.49 58 0.19 0.12 12 

#1_9 #1 medium dense 0.68 40 0.13 0.08 17 

#1_10 #1 medium dense 0.64 50 0.17 0.10 5 

#1_11 #1 medium dense 0.66 35 0.12 0.07 48 

#1_12 #1 medium dense 0.66 30 0.10 0.06 196 

#2_1 #2 loose 0.73 32 0.11 0.06 93 

#2_2 #2 loose 0.73 40 0.13 0.08 22 

#2_3 #2 loose 0.74 50 0.17 0.10 18 

#2_4 #2 loose 0.77 35 0.12 0.07 45 

#2_5 #2 dense 0.50 50 0.17 0.10 54 

#2_6 #2 dense 0.51 40 0.13 0.08 1069 

#2_7 #2 dense 0.48 58 0.19 0.12 17 

#2_8 #2 dense 0.51 65 0.22 0.13 8 

#2_9 #2 medium dense 0.65 50 0.17 0.10 5 

#2_10 #2 medium dense 0.63 40 0.13 0.08 15 

#2_11 #2 medium dense 0.66 30 0.10 0.06 138 

#2_12 #2 medium dense 0.63 35 0.12 0.07 38 

#3_1 #3 loose 0.73 50 0.17 0.10 9 

#3_2 #3 loose 0.74 40 0.13 0.08 61 

#3_3 #3 loose 0.76 46 0.15 0.09 11 

#3_4 #3 loose 0.72 35 0.12 0.07 438 

#3_5 #3 dense 0.47 70 0.23 0.14 196 
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No. of 
test 

Sand 
type 

Condition 
Void 
ratio        
e (-) 

Deviator 
stress     

σd (kPa) 

CSRtx                 
(-) 

CSR                 
(-) 

No. of cycles 
to reach 

failure (ru=1.0) 

#3_6 #3 dense 0.48 110 0.37 0.22 8 

#3_7 #3 dense 0.48 105 0.35 0.21 13 

#3_8 #3 dense 0.46 95 0.32 0.19 22 

#3_9 #3 medium dense 0.65 50 0.17 0.10 56 

#3_10 #3 medium dense 0.62 60 0.20 0.12 12 

#3_11 #3 medium dense 0.61 55 0.18 0.11 42 

#3_12 #3 medium dense 0.62 45 0.15 0.09 201 

#4_1 #4 loose 0.73 32 0.09 0.05 519 

#4_2 #4 loose 0.71 57 0.16 0.10 8 

#4_3 #4 loose 0.74 50 0.14 0.08 20 

#4_4 #4 loose 0.72 40 0.11 0.07 32 

#5_1 #5 loose 0.74 40 0.11 0.07 43 

#5_2 #5 loose 0.71 50 0.14 0.08 18 

#5_3 #5 loose 0.71 57 0.16 0.10 10 

#5_4 #5 loose 0.72 32 0.09 0.05 338 

#6_1 #6 loose 0.71 40 0.11 0.07 57 

#6_2 #6 loose 0.74 48 0.13 0.08 14 

#6_3 #6 loose 0.74 55 0.15 0.09 8 

#6_4 #6 loose 0.74 32 0.09 0.05 211 

Figure 35 shows a typical cyclic triaxial test result for a dense specimen (test #3_8). The 

stress-strain behaviour of the dense soil depicts cycle-by-cycle degradation of shear strength 

and then, a regain in shear stiffness and strength at large shear strain along with an increase in 

effective confinement happens (shear-induced dilative tendency). 

 

Figure 35. Typical test result showing the stress-strain hysteresis loops of dense sand (Test #3_8) 
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6.3. Cyclic strength curves 

6.3.1. Analogy of fatigue and liquefaction  

Earthquakes impose irregular loading on the subsoil, but conventional cyclic triaxial 

loading devices are only capable of producing harmonic, generally sinusoidal loading. 

Consequently, procedures were needed for converting a random earthquake load to an 

“equivalently damaging” load that has sinusoidal form. Several equivalent cycle concepts were 

introduced, which also gave the framework for the development of MSFs that are used in the 

simplified liquefaction evaluation procedures and they also provide a convenient metric for 

comparing the duration of earthquake motion (Green and Terri 2005).  

The concept of converting a random load to an equivalently damaging number of sinusoidal 

cycles is also a common procedure in the realm of metal fatigue analyses. One of the earliest 

approaches was proposed by Palmgren (1924) and further developed by Miner (1945), with the 

approach commonly referred to as the Palmgren–Miner (P–M) cumulative damage hypothesis. 

Due to its simplicity and relatively good agreement with experimental data for various metals, 

the P–M hypothesis is widely used to this day (Green and Terri 2005). Later it was recognized 

that the P–M hypothesis can also be adopted with slight modifications to evaluate cyclic 

liquefaction potential of soils (Seed et al. 1975a and Annaki and Lee 1977).     

The analogy between metal fatigue and soil liquefaction is most readily apparent by 

comparing the uniform cyclic stress cycles – number of cycles required to failure curves from 

the respective disciplines (Figure 36). As it can be observed from the figure, analogous to the 

fatigue limit is the CSR corresponding to the threshold strain, where the threshold strain is the 

minimum shear strain required to cause permanent relative displacement between sand grains. 

If the threshold strain is not exceeded, pore pressure generation will not occur and liquefaction 

will not be induced, irrespective of the applied number of load cycles (Dobry et al. 1982 and 

Vucetic 1994). 

6.3.2. Cyclic strength curves of granular soils from along river Danube  

The shape and position of the cyclic strength curve are highly variable and depend on the 

soil fabric, soil density, effective confining stress, etc (Green and Terri 2005). The relationship 

describing the cyclic strength curves for liquefaction can generally be approximated with the 

power function of Equation 24. as described in Section 3.3. Although several other functional 

forms have been proposed (Mikami et al. 2016), the presented equation still proves to be the 

most used form.   
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Figure 36. Analogous cyclic strength curves used in metal fatigue and liquefaction evaluations  

(Green and Terri 2005) 

The equation contains two fitting parameters, a and b, which may be determined by 

regression against experimental data. If plotted in a logarithmic diagram, the nonlinear cyclic 

strength curve becomes a straight line with b parameter being the negative slope of this line. As 

it was mentioned previously, development of some recent MSF relationships relied heavily on 

this value (Kishida and Tsai 2014, Boulanger and Idriss 2015).       

For clean sands, experimental data shows that b value tends to increase with increasing 

CRR (for the same number of cycles to failure) or DR, however this observation was recently 

debated by Ulmer et al. (2018). The test results by Yoshimi et al. (1984) on undisturbed samples 

of dense sand obtained using frozen sampling techniques are best fit with an exponent b of 0.34 

(Idriss and Boulanger 2004). Values of 0.41, 0.27 and 0.13 were obtained for medium dense 

and 0.15 for loose sand specimens (Figure 37). The sand from Duncan Dam (Pillai and Stewart 

1994) was found to have very low cyclic strength and a b value of 0.08 (Boulanger and Idriss 

2015).  

 

 Figure 37. Cyclic tests on sands obtained by frozen sampling techniques – triaxial data from Yoshimi et 

al. (1989) and direct simple shear data from Pillai and Stewart (1994) (Boulanger and Idriss 2015) 
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Cyclic tests on reconstituted samples of clean sand show similar trends to those of frozen 

samples. A few published relationships between CRR and N for some commonly tested sands 

are illustrated in Figure 38. The results of tests on reconstituted specimens of Monterey sand 

by Silver et al. (1976) and on reconstituted specimens of Toyoura sand by Toki et al. (1986), as 

summarized in Ishihara (1996), are best fit with an exponent b of 0.22 and 0.10, respectively 

(Ziotopoulou and Boulanger 2012). The experimental data from De Alba et al. (1976) on clean 

sand specimens at various relative densities shown in Figure 11 have b values ranging from 

0.21 to 0.25 with no apparent trend. The cyclic direct simple shear tests by Boulanger and Seed 

(1995) for reconstituted sand show b values of 0.17 and 0.15 at relative densities of 35% and 

45%, respectively, but a higher b value (0.27) was obtained for 55% relative density. 

The results of experimental studies provide some bounds on the range of slopes that might 

be reasonably expected. Liu et al. (2001) summarized a compilation of available data and 

emphasized results of simple shear tests in adopting a laboratory-based b value of 0.37. Idriss 

and Boulanger (2004) similarly evaluated available data and adopted a laboratory-based b value 

of 0.34. The differences in the exponent b for these different sets of data may be attributed to a 

number of possible factors, including differences in relative density, fabric, age, stress history, 

and test device (Ziotopoulou and Boulanger 2012). 

 

Figure 38. Cyclic strength curves of reconstituted clean sands (Boulanger and Ziotopoulou 2012) 

The results of Tatsuoka et al. (1986) for cyclic torsional shear tests and cyclic triaxial tests 

indicated that cyclic triaxial test tends to produce steeper curves at lower numbers of cycles 

than are obtained with cyclic torsional shear test. This trend is, however, opposite to Seed et 

al.'s (1975a) observation that cyclic triaxial tests give flatter curves than obtained using simple 

shear tests (Ziotopoulou and Boulanger 2012). 
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The following figures present the 12 cyclic strength curves of the 48 performed tests (Bán 

and Mahler 2019a); each curve was drawn using 4 points. The corresponding a and b parameters 

describing the power functions fitted to the curves are listed in Table 4. Please note that in order 

to maintain consistency with Figure 37 and 38, the curves were drawn using the 5% double 

amplitude strain failure criterion for dense sands (however this hardly influences the result).  

 

 

Figure 39. Cyclic strength curves of the performed tests (the shaded area shows range of the curves 

presented in Figure 37 and 38) 
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Table 4. Experimental constants of the power law fitted to the measured cyclic strength curves of 

granular soils from along Danube  

Sand 
type 

Loose Medium dense Dense 

a b a b a b 

#1 0.195 0.164 0.203 0.138 0.293 0.148 

#2 0.214 0.155 0.207 0.152 0.262 0.100 

#3 0.194 0.085 0.261 0.104 0.629 0.182 

#4 0.199 0.134     

#5 0.220 0.161     

#6 0.209 0.159     

The long-known tendencies that liquefaction susceptibility of granular soils reduces with 

increasing grain size and relative density is also reflected by the results of the cyclic triaxial 

tests. Testing of loose samples yielded nearly identical cyclic strength curves for most of the 

sands. The only exception is Sand #3, which resulted in a slightly higher curve that is attributed 

to the fact that it has the highest coefficient of uniformity and coarse sand content among the 

tested sands. The upper part of Figure 39 shows how relative density affected the position of 

the obtained curves: the curves belonging to loose and medium dense states are relatively close 

to each other, whereas the dense curves are situated considerably higher.  

The obtained b parameters are generally between 0.13 and 0.18. Compared with the 

previously discussed parameters of various studies, these numbers are in the same range as the 

values presented for loose sands and fall into the lower part of the interval for medium sands, 

however for dense state, other researchers obtained higher b values. The influence of relative 

density on the parameter b is not reflected by the results, except for sand type #3 where this 

parameter increases with density.  

Comparison of the obtained curves and the curves of Figure 38 shows that Sand #1 (and 

#2) in loose and medium dense state has similar liquefaction susceptibility as the air pluviated, 

medium dense Toyura sand. Sand #3 in dense state has similar liquefaction characteristics as 

the moist-tamped, medium dense Monterey sand (Figure 40). The curves of Sand #1 in dense 

state and Sand #3 in loose and medium dense states remain between those of Monterey sand 

and Toyura sand. Both Monterey and Toyura sands, are poorly graded sands with no fines 

content, however Monterey sand is composed of somewhat larger grains (D50 is 0.16 and >0.30 

for Toyura and Monterey sands, respectively). This property is one of the main reasons why the 

finer Sand #1 behaves more similarly to the Toyura sand and Sand #3 to the Monterey sand. 
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Figure 40. Comparison of obtained and some published cyclic strength curves  

The overall position of measured curves is somewhat lower than many of the published 

curves for the corresponding density. As it is noted by Yoshimi et al. (1984), the curves tend to 

shift downward as the consolidation pressure increases; this phenomenon is accounted for by 

the Kσ factor in the framework of empirical liquefaction potential assessment. The tests 

presented in Figure 38 were all conducted at an effective consolidation pressure of ~100 kPa, 

whereas the specimens of this study were subjected to ~150 kPa pressure. Using Equation 8 

and 9, the obtained curves should be shifted upwards with 3-8% depending on the relative 

density if they wanted to be converted to 100 kPa effective consolidation pressure, thus 

narrowing the gap between the obtained and other published curves.          

The obtained b parameters are lower than many of the published values and no effect of 

the relative density was observed on them. Although it is a common assumption that b value 

increases with relative density, the recent study of Ulmer et al. (2018) shows that trends in b 

values as a function of DR are ambiguous. While some studies show that it increases as DR 

increases, there are just as many studies showing that b value remains constant, decrease, or has 

no clear trend (including the present study). The two most possible factors contributing to this 

uncertainty could be the ambiguity of common liquefaction criteria used to interpret laboratory 

test results and the extreme curvature of some liquefaction resistance curves that can distort the 

fitted power law. 
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 6.4. Pore pressure generation 

6.4.1. Pore pressure generation models  

Models describing the generation of excess pore pressure during dynamic loading can be 

grouped into 5 main categories: stress-based models, strain-based models, energy-based models, 

plasticity theory-based models and other models (Cetin and Bilge 2012). Practical applications 

mainly use the first three groups, especially the strain-based procedures. Semi-empirical and 

empirical models keep being the state-of-the-practice procedures, because assessments founded 

on implemented constitutive models require numerous input parameters, which are difficult to 

determine.  

Cyclically generated excess pore pressure can be separated into transient and residual 

components (Figure 41). In perfectly saturated soils, transient pore pressure is equal to the 

change in the applied mean normal stress resulting from the dynamic loading (Scott 1963, 

Lambe and Whitman 1969), hence it has negligible influence on the effective stress. Conversely, 

residual excess pore pressure alters the effective stress acting on the soil and directly influences 

the strength and stiffness of the soil. During stress-controlled cyclic tests, the residual pore 

pressure is that present at the time when the applied deviator stress is equal to zero (Dobry et 

al. 1982, Green et al. 2000). 

 

Figure 41. Transient (blue line) and residual (red dashed line) components of cyclically generated excess 

pore pressure (Bán and Mahler 2016) 
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Stress-based pore water pressure generation models 

The most commonly used stress-based relationship was proposed by Seed et al. (1975b) on 

the basis of De Alba et al. (1975) experimental data on clean sands:  

𝑟𝑢 =
1

2
+

1

𝜋
∙ 𝑎𝑟𝑐𝑠𝑖𝑛 [2 ∙ (

𝑁

𝑁𝑙𝑖𝑞
)

1
𝛼

− 1] (34) 

where: N is the number of equivalent loading cycles, Nliq is the number of equivalent loading 

cycles required to reach liquefaction and α is an empirical constant recommended to be the 

function of soil properties and test conditions with an average value of 0.7 (Booker et al. 1976). 

This equation was subsequently modified and adopted to different conditions by several 

researchers and was even implemented in a finite element model by Liyanapathirana and Poulos 

(2002).   

Polito et al. (2008) found that the model coefficient α needs to be estimated as a function 

of CSR, FC and DR and proposed the following empirical formula for clean sands: 

𝛼 = 0.01166 ∙ 𝐹𝐶 + 0.007397 ∙ 𝐷𝑅 + 0.01034 ∙ 𝐶𝑆𝑅 + 0.5058 (35) 

Although the relationship describes well the pore pressure generation of laboratory samples 

under harmonic loading, its practical application is hindered by several factors. First, the 

transient noises and motions occurring in nature need to be converted to equivalent harmonic 

cycles, which introduces another (quite significant) source of uncertainty in the analysis. 

Second, Nliq should be estimated prior to the calculation; meaning another uncertain step in the 

analysis (Cetin and Bilge 2012).    

Strain-based pore water pressure generation models 

Many drawbacks of the stress-based methods can be eliminated by the using strain-based 

approach, moreover correlation between shear strain and excess pore pressure is much stronger 

than between shear stress and excess pore pressure (Silver and Seed 1971, Youd 1972). One of 

the most widespread relationships was originally developed by Martin et al. (1975), who 

proposed a framework in which the generated pore pressure is semi-empirically correlated to 

the volumetric strain of the soil and the volumetric strain is linked to the cyclic shear strain. On 

the basis of this model, Finn et al. (1977) developed an effective stress-based constitutive model, 

which has been widely used for ground response and liquefaction assessments. Subsequently, 

Byrne (1991) simplified this approach and recommended a new incremental volumetric strain 

definition model, which was later implemented in the finite difference software of Fast 

Lagrangian Analysis of Continua (FLAC) (Cetin and Bilge 2012).  
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On another path, Dobry et al. (1985) attempted to link cyclic shear strain directly to pore 

pressure generation on the basis of strain-controlled cyclic triaxial test results, theoretical 

effective stress considerations, and a curve-fitting procedure. The proposed methodology was 

subsequently modified by Vucetic and Dobry (1986), and the following closed-form solution 

was proposed: 

𝑟𝑢 =
𝑝 ∙ 𝑓 ∙ 𝑁 ∙ 𝐹 ∙ (𝛾𝑐 − 𝛾𝑡𝑣𝑝)

𝑏

1 + 𝑓 ∙ 𝑁 ∙ 𝐹 ∙ (𝛾𝑐 − 𝛾𝑡𝑣𝑝)
𝑏 (36) 

where: N is the number of cycles, γc is the cyclic shear strain amplitude, γtvp is the volumetric 

threshold shear strain, below which no significant pore-water pressure is generated and is 

usually between 0.01 and 0.02% for most sands (Dobry et al. 1982). Model coefficient f can be 

assumed as 1 or 2, depending on whether pore pressures are induced by one-or two-directional 

shaking (Pyke et al. 1975), whereas the rest of coefficients F, p, and b are obtained by laboratory 

data-based fitting attempts. This model was subsequently utilized by Matasovic and Vucetic 

(1993), Matasovic (2006), and Hashash (2016) in their effective stress-based nonlinear ground 

response modelling software of D-Mod, D-Mod_2, and Deepsoil, respectively (Cetin and Bilge 

2012). 

Determination of the three experimental constants is relatively burdensome because they 

require the performance of expensive and time-consuming undrained cyclic laboratory tests and 

the values published in literature show considerable scatter. Carlton (2014) correlated 

parameter F with shear wave velocity of the soil, whereas parameter b was linked to fines 

content as it is presented in the following equations. These models were developed using a trial 

and error process of several different functional forms and nonlinear least squares regression. 

𝐹 = 3810 ∙ 𝑉𝑆
−1.55 (37) 

𝑏 = (𝐹𝐶 + 1)0.1252 (38) 

Laboratory test results show large scattering of the data therefore the presented correlations 

are also burdened by significant uncertainty.  

Mei et al. (2015) developed correlation for the curve fitting parameter F using 123 cyclic 

shear test results compiled from literature. Two soil properties, relative density and coefficient 

of uniformity are used in the correlation (Figure 42). A comprehensive set of different 

recommendations on how to estimate the curve fitting parameters without specific test data for 

the model was compiled by Matasovic and Ordóñez (2011) in the Manual of D-MOD2000 

(Table 5). 

 



Liquefaction susceptibility of poorly graded Danube sands Zoltán Bán 

 

62 
 

 

Figure 42. Proposed correlation to estimate parameter F (Hashash 2016 after Mei et al. 2015) 

Table 5. Material parameters and curve fitting constants of the pore water pressure generation model of 

Vucetic and Dobry (1986) (Matasovic and Ordóñez 2011) 

Material Reference 
Pore pressure model coefficients 

γtvp (%) 
f p F b 

Banding Sand, poorly 
graded, DR=40%, CU=1.4 

Dobry et al. 
(1985) 

1.0 1.00 10.9 1.00 0.017 

Wildlife Site Sand A, void 
ratio 0.84 to 0.85, FC=37 %; 
N≈5; VS≈107 m/s 

Vucetic and 
Dobry (1988) 

2.0 1.04 2.6 1.70 0.020 

Wildlife Site Sand B, void 
ratio 0.74 to 0.76, FC=25 %, 
N≈6-13, VS≈137-152 m/s 

Vucetic and 
Dobry (1988) 

2.0 1.04 2.6 1.70 0.020 

Heber Road Site Sand, void 
ratio 0.70, FC=15%, VS≈152-
183 m/s 

Matasovic 
and Vucetic 

(1993) 
2.0 1.05 1.706 1.09 0.024 

Heber Road Site Sand, void 
ratio 0.70, FC=22%, VS≈137-
142 m/s 

Matasovic 
and Vucetic 

(1993) 
2.0 1.071 1.333 1.08 0.022 

Santa Monica Beach Sand, 
clean uniform sand, void 
ratio = 0.56, VS≈264 m/s 

Matasovic 
(1993) 

1.0 1.00 0.73 1.00 0.020 

Owi Island Sand at depths 
from 6 to 14 m, silty fine 
sand placed as hydraulic fill, 
18%<FC<35% 

Thilakaratne 
and Vucetic 

(1987) 
2.0 1.005 3.0 1.80 0.025 

As Table 5 shows, the determination of parameter F is burdened with the greatest 

uncertainty; its recommended value varies from 0.73 to 10.9. The value of p stays within ±7.1% 
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of 1 for different types and relative densities of sands. For practical purposes, p=1 is often 

assumed in the absence of laboratory data (Hashash 2016). 

Cetin and Bilge (2012) compiled a robust database from available cyclic simple shear and 

triaxial tests to develop a semi-empirical probabilistic model describing the excess pore water 

pressure response of fully saturated clean sands. This dataset was also used to evaluate the 

performance of existing models, including that of Equation 36 and to obtain updated values of 

the model coefficients. Their collected experimental data was best fit with p=1.00, F=0.206 and 

b=1.161 parameters and with these updated coefficients, the model produced approximately 7% 

lower values, in average, than the measured values of the dataset.   

Energy-based pore water pressure generation models 

Procedures using the strain-energy concept attempts to link the change in excess pore 

pressure to the energy dissipated per unit volume of soil during the same cycle of loading. The 

first study by Nemat-Nasser and Shokooh (1979) approached the topic by linking energy 

dissipation to volumetric densification of dry sands and then combining it with pore pressure 

generation of fully saturated sands. Subsequent studies mostly relied on experimental data, 

which were used as the basis for developing empirical models. The so-called GMP model 

(Green et al. 2000) is perhaps the most commonly used energy-based procedure and 

recommends the following empirical equation:  

𝑟𝑢 = √
𝑊𝑠

𝑃𝐸𝐶
≤ 1 (39) 

where: Ws is the energy dissipated per unit volume of soil divided by the initial effective 

confining pressure and PEC (pseudoenergy capacity) is a calibration parameter. 

PEC is determined from cyclic test data by plotting ru versus the square root of Ws. The 

square root of PEC is the value on the horizontal axis corresponding to the intersection of a 

straight line drawn through the origin and the point of ru=0.65 and a horizontal line drawn at 

ru=1.0. This process of determining PEC is illustrated graphically in Figure 43, and numerically 

can be expressed as 

𝑃𝐸𝐶 =
𝑊𝑠𝑟𝑢=0.65

0.4225
 (40) 

Polito et al. (2008) developed an empirical expression to estimate PEC as a function of DR. 

For sands with less than 35% fines content, the following relationship can be used: 

𝑙𝑛(𝑃𝐸𝐶) = 𝑒𝑥𝑝(0.0139 ∙ 𝐷𝑅) − 1.021 (41) 



Liquefaction susceptibility of poorly graded Danube sands Zoltán Bán 

 

64 
 

 

Figure 43. Graphic illustration of how PEC is determined from cyclic test data; the data shown in this 

figure are from a cyclic triaxial test conducted on Yatesville clean sand (Polito et al. 2008) 

6.4.2. Pore water pressure generation of the tested soils  

As it was mentioned earlier, altogether 48 cyclic triaxial tests were conducted on 6 types 

of sands with different relative densities. A typical result of the tests is shown in Figure 41. 

Figure 44 shows the residual excess pore pressure generation measured during the 48 cyclic 

triaxial tests as a function of cycle ratio. Most of the curves follow a relatively narrow band 

except for a few out-of-range curves; the curves running higher at the middle section of the 

diagram are mostly belong to dense samples, whereas the curves lying below the other lines 

belong to loose samples. The recommended relationship of Seed et al. (1975b), presented in 

Equation 34, follows the initial section of the measured curves well, however above ru=0.4 a 

majority of the curves remain below the proposed formula. Consequently, if the relationship of 

Seed et al. (1975b) is planned to be used to estimate the development of pore pressure in a 

dynamic problem, it may overestimate the pore pressure above ru=0.4 for Danube sands. 

The strain-based method represented by Equation 36 was also fitted to the measured data 

(Figure 45) and it proved to have better approximation of it than the discussed stress-based 

formula. The empirical parameters of p, F and b presented in Section 6.4.1 were assessed to see 

their performance and how well they approximate the measured curves. Moreover, their optimal 

values that yield the best fit of the measured pore pressure generation were also determined 

using the method of least squares (Bán and Mahler 2019).  

As described earlier, the Vucetic and Dobry (1986) model was developed using strain-

controlled tests; however, my database consists of stress-controlled tests. Mei et al. (2015) 

demonstrated that stress-controlled tests, where the first several stress cycles yield similar shear 



Liquefaction susceptibility of poorly graded Danube sands Zoltán Bán 

 

65 
 

strains can be treated as strain-controlled tests. Matasovic (1993) used a similar approach in 

deriving Vucetic and Dobry (1986) model parameters from his tests. Consequently, comparison 

of the results and the fitting procedure were carried out by neglecting the last few cycles of each 

test where the axial strains started to increase rapidly. The last cycle until which the cyclic 

strains were considered more or less uniform is referred hereinafter as Nucs.  

The fitting procedure was carried out by minimizing the value of Q representing the 

average degree of error as defined by the formula shown in Equation 42. For each test, the 

residual sum of squares was determined by calculating the difference between the measured 

and predicted excess pore pressure ratios (this is the numerator of the expression). These 

residual sums of squares were divided by the considered number of loading cycles (this step 

was required because otherwise tests with several hundreds of cycles would largely dominate 

the fitting procedure). Thus, the average difference between the measured and predicted excess 

pore pressure ratios were obtained for each test. Then, these average difference values of the 

48 cyclic triaxial tests were summed and the resulting Q value was minimized. During fitting, 

the p parameter was assumed to be 1.0 by theoretical considerations, because in this case 

Equation 36 converges to ru=1.0 as the number of cycles and/or the shear strain tends to infinity.     

𝑄 = ∑
∑ √(𝑟𝑢,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑟𝑢,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)

2𝑁=𝑁𝑢𝑐𝑠
𝑁=1

𝑁𝑢𝑐𝑠

𝑇𝑒𝑠𝑡 #6_4

𝑇𝑒𝑠𝑡 #1_1

 (42) 

 

Figure 44. Residual excess pore pressure generation of the performed 48 tests as a function of cycle 

ratio and the curve (marked with blue) recommended by Seed et al. (1975b) 
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The results of the fitting procedure are summarized in Table 6. The third column of the 

table gives the value of Equation 42 for the coefficients proposed by different authors. The last 

column shows that among the 48 measurements how many of them had smaller average 

difference for each recommended parameter set than with the proposed optimal values.   

Table 6. 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 

As the table shows, the optimal values of parameters p, F and b are 1.00, 0.483 and 1.192, 

respectively for granular Quaternary soils from along the Danube (Bán and Mahler 2019b). 

Based on all 48 measurements, the average difference of the measured and precited excess pore 

pressure ratios is 13.29%. No separate set of values was determined for the alluvial and fluvio-

aeolian sand, because the number of samples in each group was not sufficient to establish firm 

correlations and it is often difficult to distinguish the different origin of soils in the field without 

geological expertise. It should be noted that the proposed set of parameters had much better 

correlation with the measured excess pore pressure ratios for tests where the number of cycles 

to reach liquefaction didn’t exceed 100. For these tests the value of Q is 10.23%, whereas it is 

18.72% for tests exceeding 100 loading cycles. Hence, the proposed set of parameters are less 

effective for modelling longer-lasting dynamic actions.     

Among the parameter sets proposed in various studies, the recommendation of Cetin and 

Bilge (2012) proved to fit best to the measured data even hardly giving worse prediction than 

the proposed values. Their values yielded ~7% difference between the measured and predicted 
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pore pressures considering their dataset and if their parameters are applied for my tests, this 

value is around ~14%.     

The misprediction of other models is much greater, some of them even have an average 

difference larger than 40% between the measured and predicted pressures, therefore their use 

for granular soils from along the Danube is not recommended. It is interesting to note that the 

parameter sets proposed by Matasovic (1993) and Thilakaratne and Vucetic (1987) have better 

predictions for 18 and 9 of the 48 tests, respectively, however their overall performance is worse 

than the proposed set. This is due to the fact that when they perform better than the proposed 

values, the difference between the predictions is small (only a few percentage), but when their 

performance is worse (especially for alluvial sands) the difference is much more considerable.      

Figure 45 shows the measured shear strain vs. excess pore pressure ratio diagrams for the 

48 cyclic triaxial tests (displayed with grey curves), and Equation 36 with the proposed 

coefficients for different numbers of cycles. As it can be seen, shear strains mostly started to 

increase after ru exceeded 0.5, so no significant deformation can be expected below this value.   

 

Figure 45. Measured shear strain vs. excess pore pressure ratio curves and the pore pressure generation 

model of Vucetic and Dobry (1986) with the proposed coefficients for different numbers of cycles 
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7. Combined CPT- and VS-based simplified liquefaction potential 

assessment  

7.1. Motivation of the research 

As presented in Section 3., several methods exist to evaluate liquefaction potential of a site, 

among which the in-situ test-based simplified methods are the most prevalent. Traditional 

means of these tests are the SPT and CPT and most recently VS-based evaluations also started 

to gain ground. In routine or low-budget projects, often only one type of in-situ test (typically 

SPT or CPT) is performed that will then serve as the basis of assessment. In more complex, 

large-volume or high-risk projects, however, different types of testing are often conducted on 

the same site. A typical combination of these tests is the VS + CPT, which can be performed 

separately or even with one single test device referred as the Seismic Cone Penetration Test 

(sCPT). However, even if the results of the two tests are available for the same spot, empirical 

liquefaction potential evaluation can be performed using either of them, but combined use of 

the data in one single method has been limited. 

In the last few years, I had the opportunity to participate in the liquefaction hazard 

assessment of the Paks NPP site. Being a critical facility, the site had been and is occasionally 

still subjected to extensive site investigation including numerous SPT, CPT, VS and many other 

measurements. Besides the state-of-the-practice effective stress analysis and performance-

based approaches, the assessment also included the calculation of factor of safety using 

simplified methods based on the results of the above-mentioned tests. However, the obtained 

results were controversial in many cases and significantly different conclusions were drawn 

depending on which measurement was used for the calculation. This initiated comparative 

analysis of different stress-based simplified methods to reveal differences and uncertainties 

involved in them (Győri et al. 2014, Katona et al. 2015b, Bán et al. 2015a, 2016a, 2017a). The 

driving force of the research was to find the most reliable method and test type for the site and 

to quantify and possibly reduce the uncertainties inherited in the different procedures. In order 

to surmount the latter issue, an attempt has been made to develop such an empirical method, 

which exploits both the results of CPT and VS measurements and uses them together in a single 

method. As the two in-situ indices characterize the behaviour of granular systems at different 

levels of strain and by combining complementary information in a single simplified method, 

the overall uncertainty was hoped to be reduced. 
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7.2. Independence of CPT tip resistance and VS 

The fundamental difference between VS and CPT tip resistance is that the former is related 

to the small strain behaviour of the soil, whereas the latter one represents a large strain response. 

As discussed by Schneider et al. (2004) and Robertson (2015), VS is primarily controlled by the 

number and area of grain-to-grain contacts, whereas tip resistance is primarily influenced by 

the interaction of particles being sheared by and rotating around the penetrometer. Although 

some factors control both parameters, such as relative density and effective stress state, others, 

such as cementation and age influences tip resistance to a lesser degree. This implies that strong 

empirical relationships between VS and penetration resistance may exist, but a certain degree 

of variation can never be eliminated. 

Although there is no unique correlation between the two parameters (Rix and Stokoe 1991), 

it is possible to obtain good correlation if the relationship and database is restricted for specific 

soil types. In the previous decades, several empirical relationships were presented between qc 

and VS (Wair et al. 2012), some of them were developed for soil types that are susceptible to 

liquefaction. For Holocene, unbonded soils Andrus et al. (2004) and Robertson (2009) proposed 

generalized relationships, but as any empirical correlation they exhibit certain amount of 

uncertainty. Wolf (2018) analysed the performance of different recommended relationships on 

Hungarian soils and developed empirical correlations for 4 typical Hungarian soil types 

(Holocene fluvial, Pleistocene fluvial, Pleistocene aeolian and Tertiary sediments).  

Robertson (2015) compared the liquefaction triggering relationships of Robertson and 

Wride (1998) and Kayen et al. (2013) by adopting the empirical relationship of Robertson 

(2009) to convert CPT tip resistance to shear wave velocity. It was found that there is a good 

agreement between the curves of the two methods for clean sand, however for sands with higher 

fines content larger difference was observed. The author also advocated that VS measurements 

can be effectively used to detect “unusual” soil characteristics (such as aged or lightly cemented 

soils) where traditional liquefaction evaluation methods may prove to be unreliable. 

Using measured to estimated shear wave velocity ratios, Andrus et al. (2009) suggested a 

method to account for the soil aging on the resistance to cyclic loading by defining a correction 

factor, which increases the value of CRR. Schneider and Moss (2011) recommended an 

empirical parameter to quantify the effect of microstructure (bonding and cementation) with 

which a threshold CSR can be defined below which no excess pore pressure will develop. 

Robertson (2015) used this parameter to define a similar approach to increase CRR in case of 

soils with microstructure.  
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The common in these methods that they apply correction – that can be estimated by 

comparing the measured CPT tip resistance and VS – on CSR or CRR to account for the 

microstructure of the soil. However, to my best knowledge, no simplified liquefaction potential 

evaluation method was developed, where the two measurements are used parallel as 

independent input parameters to define CRR. Given that the two parameters characterize the 

soil response at different strain levels, they contain information that cannot be extracted from 

the other and they have the possibility to supplement each other in a nonredundant way.   

7.3. Development of a combined CPT- and VS-based simplified method 

7.3.1 Field case history dataset 

The development of a simplified liquefaction potential assessment method starts with the 

first – and most time consuming – step, with the collection of a liquefaction/nonliquefaction 

field case history catalogue. Through careful review of previous studies’ CPT and VS databases 

98 cases were found where both measurements were available. As it was also noted by the 

authors of these datasets, locations where liquefaction occurred are more appealing for post-

earthquake field investigators than sites where no apparent liquefaction occurred. Thus, 

liquefied sites are overrepresented relative to non-liquefied sites in most of the reviewed 

datasets; in the catalogue assembled for this study, 68 sites classified as liquefied and 30 sites 

as non-liquefied cases. This sampling bias was accounted for during the statistical analysis.       

The core of the database was assembled from the CPT case history catalogue of Moss 

(2003) and VS dataset of Kayen et al. (2013), from which 73 and 53 locations could be used, 

respectively. Additional case histories were gathered from the publication of Bay and Cox 

(2001), Ku et al. (2004), Moss et al. (2005), Moss et al. (2009), Cox et al. (2013), Boulanger 

and Idriss (2014), and Batillas et al. (2014). The final database consists of case histories from 

12 earthquakes (1975 Haicheng, 1976 Tangshan, 1979 Imperial Valley, 1981 Westmoreland, 

1983 Borah Peak, 1987 Elmore Ranch, 1987 Superstition Hills, 1989 Loma Prieta, 1999 Chi-

Chi, 1999 Kocaeli, 2008 Achaia-Elia, 2011 Great Tohoku).  

The following information was collected for all cases: the triggering ground motion’s Mw 

and amax, depth of the critical layer and groundwater level, total (σv) and effective vertical 

overburden pressure (σ’v), CPT tip resistance, sleeve friction (fs) and VS in the critical layer. 

These data were readily available in their source datasets, but in a few cases typographical error 

was found that was corrected. The compiled dataset is presented in Appendix 2. Detailed 

description of the sites can be found in the referenced publications. 
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The statistical summary of the compiled catalogue is shown in Table 7. 

Table 7. Summary of the compiled case history database 

Parameter 

Liquefied cases Nonliquefied cases 

Mean 
Standard 
deviation 

Mean 
Standard 
deviation 

Mw 7.33 0.64 7.16 0.90 

amax (g) 0.30 0.15 0.23 0.17 

σv (kPa) 92.73 45.43 98.13 48.80 

σ'v (kPa) 60.83 27.35 66.65 27.64 

qc1Ncs (-) 88.96 15.89 126.74 48.43 

RF (%) 0.92 0.57 1.05 0.56 

VS1 (m/s) 152.72 29.89 181.17 67.41 

Even though nowadays sCPT is the most popular tool for performing both types of 

measurement and is likely to gain more popularity and widespread use in the nearby future, the 

compiled database only consists few sCPT data. In almost all cases, CPT and shear wave 

velocity measurement were carried out at different times, even decades later by different group 

of investigators. The study of Kayen et al. (2013) used the SPT catalogue of Cetin et al. (2000) 

and CPT catalogue of Moss (2003) to identify sites for new VS measurements. Although they 

put their best effort in localizing these sites, it might occur that the location of the two tests 

differed slightly from each other. As previous studies indicate that VS can be variable over short 

distances even within a single geologic unit (Thompson et al. 2007), this implies some 

inevitable uncertainty in the cohesion of the data. And as years could be passed between the 

measurements, both natural and artificial processes could alter soil properties introducing 

another source of uncertainty. 

Another form of uncertainty can arise from the measurement method of VS. Many methods 

are known for the estimation of VS, including both invasive (crosshole, downhole, suspension 

logging) and noninvasive methods (spectral analysis of surface waves (SASW), seismic 

reflection, seismic refraction). As it is summarized in Wair et al. (2012) reliability, quality and 

repeatability of these can be different and two methods can result in considerably different 

estimate of VS for the same site.              

To investigate correlation between the CPT and VS data of the compiled dataset (Figure 

46), the following relationship proposed by Andrus et al. (2004) was used that was developed 

for Holocene-aged unbounded sands (which are typically the liquefiable soils): 

𝑉𝑠1𝑐𝑠 = 67.6 ∙ (𝑞𝑐1𝑁𝑐𝑠)
0.213 (43) 
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where: qc1ncs is the equivalent clean sand value of the overburden stress-corrected CPT tip 

resistance and VS1cs is the equivalent clean sand value of the overburden stress-corrected VS. 

The equation to calculate these corrected and normalized values from the raw measurements 

can be found in the referenced paper of Andrus et al. (2004). Please note that, even though their 

physical meaning is the same, these formulae may differ from those that are defined in Section 

3.2.1. and used throughout in the thesis.  

 

Figure 46. Comparison of the measured and predicted normalized VS values of the complied dataset 

As Figure 46 illustrates, even when the applied relationship is restricted to Holocene-aged 

unbounded sands, there is still considerable uncertainty in the correlation. This indicate that it 

is preferred to measure VS rather than estimate from CPT and that the two parameters contain 

non-redundant information about the subsoil, which confirms that the combined use of tip 

resistance and VS in a single simplified liquefaction evaluation method can be beneficial. 

7.3.2. Logistic regression 

For each of the 98 compiled sites, the available VS was corrected to its VS1 value using 

Equation 18 (FC correction was omitted because its negligible influence on VS as it is discussed 

in Section 3.2.1.) and the CPT tip resistance was normalized to its qc1Ncs value as recommended 

by Idriss and Boulanger (2008) using Equation 10 through 16. The seismic loading for each site 

was also determined by Idriss and Boulanger (2008) using Equation 3 through 9. 

After performing all the above discussed normalizations and corrections, three explanatory 

variables remained to participate in the logistic regression: the equivalent clean sand value of 
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normalized overburden corrected cone tip resistance (qc1Ncs), the overburden corrected shear 

wave velocity (VS1), and the magnitude and effective stress corrected cyclic stress ratio 

(CSRM=7.5,σ’v=1atm). 

There is no general agreement how the variables should be incorporated in the logistic 

regression, should they be used in their logarithmic, polynomial or untransformed form. 

Baecher and Christian (2003) recommended that variables should be transformed so that their 

frequency distribution should be approximately normal. Following this guideline, 

CSRM=7.5,σ’v=1atm was included in the regression by its natural logarithm, whereas qc1Ncs and VS1 

remained untransformed. 

Logistic regression is often used to explore the relationship between a binary response and 

a set of explanatory variables. The occurrence or absence of liquefaction can be considered as 

binary outcome, and the previously summarized three parameters are the explanatory variables. 

Moss et al. (2006) and Kayen et al. (2013) adopted Bayesian updating technique (developed for 

probabilistic assessment of liquefaction initiation by Cetin et al. (2002)), while Boulanger and 

Idriss (2014) used maximum likelihood estimation to develop their resulting correlation.  

The key components of these methods are the formulation of a limit state model that has a 

value of zero at the limit state and is negative and positive for liquefaction and nonliquefaction 

cases, respectively, and a likelihood function that is proportional to the conditional probability 

of observing a particular event assuming a given a set of parameters. Adopting the approach of 

Cetin et al. (2002), the following limit state function was formed: 

𝑔 = 𝜃1 ∙ 𝑉𝑆1 + 𝜃2 ∙ 𝑞𝑐1𝑁𝑐𝑠 + 𝜃3 ∙ 𝑙𝑛(𝐶𝑆𝑅𝑀=7.5,𝜎′
𝑣=1𝑎𝑡𝑚) + 𝜃4 + 𝜀 (44) 

where: 𝛳1…4 is the set of unknown parameters and ε is the model error term. The latter is 

introduced to account for the influences of the missing variables and the possible incorrect 

model form. If ε is assumed to be normally distributed with zero mean, the probability of 

liquefaction can be expressed as: 

𝑃𝐿 = 𝛷 [−
𝑔 − 𝜀

𝜎𝜖
] (45) 

where: Φ is the standard normal cumulative probability function and σε is the standard deviation 

of the model error term.  

Assuming statistical independence of the observations compiled from different sites, the 

likelihood function can be written as the product of the probabilities of observations. As it was 

noted in Section 7.3.1., the dataset contains significantly more liquefaction cases than 

nonliquefaction cases; this bias is undesirable in logistic regression and might negatively affect 

the result. A way to address this issue is to weight each class of cases according to the proportion 
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of the other’s class population in the total database (Cetin et al. 2002, Baecher and Christian 

2003) while the sum of the weights should remain 2.0 (Mayfield 2007). According to these 

guidelines the corresponding weight factors for liquefaction and nonliquefaction cases are 0.62 

and 1.38, respectively. Then, the likelihood function takes the following form: 

𝐿 = ∏ [𝛷 (−
𝑔 − 𝜀

𝜎𝜖
)]

0.62

× ∏ [𝛷 (
𝑔 − 𝜀

𝜎𝜖
)]

1.38

𝑛𝑜𝑛−𝑙𝑖𝑞𝑙𝑖𝑞
 (46) 

After taking the natural logarithm of the likelihood function that is more convenient to 

work with, the unknown parameters were determined using maximum likelihood estimation. 

7.3.3 Probability of liquefaction 

The logistic regression using the likelihood function in Equation 46 yields the following 

expression (Bán et al. 2016b): 

𝑃𝐿 = 𝛷

[
 
 
 
 

−

0.080𝑉𝑆1 + 0.177𝑞𝑐1𝑁𝑐𝑠

−8.40𝑙𝑛(𝐶𝑆𝑅𝑀=7.5,𝜎′
𝑣=1𝑎𝑡𝑚) − 46.04

3.46

]
 
 
 
 

 (47) 

The denominator, which represents the standard deviation of the error term, is of particular 

interest since it describes the efficiency of the relationship. A large value means that the 

probability contours (such as those shown in Figure 8 and 9) are far from each other, i.e. there 

is large uncertainty involved in the recommended relationship. If this value is low, the 

probability contours are situated much closer to each other so the separation of liquefaction and 

nonliquefaction cases is more certain indicating better performance of the equation. The 

regressed denominator is somewhat higher than those of other commonly used methods (e.g. it 

is 2.70 for the SPT-based method of Cetin et al. (2004) and 1.62 for the CAV5-based equation 

of Mayfield (2007)), but the method is still promising as equation has seen little refinement so 

far and was developed as a first attempt to combine the results of the two in-situ tests. 

CRR for a given probability of liquefaction can be expressed by rearranging Equation 47:  

𝐶𝑅𝑅𝑀=7.5𝜎′
𝑣=1𝑎𝑡𝑚 = 𝑒𝑥𝑝

[
 
 
 
0.080𝑉𝑆1 + 0.177𝑞𝑐1𝑁𝑐𝑠

−46.04 + 3.46𝛷−1(𝑃𝐿)

8.40
]
 
 
 
 (48) 

where: Φ-1 is the inverse of the standard cumulative normal distribution. This expression can 

be used in deterministic analysis by selecting a probability contour to separate liquefaction and 

nonliquefaction states. In this case the graphical representation of the cyclic resistance ratio 

curve for a given probability is replaced by a surface; Figure 47 shows the probability surface 

corresponding to PL = 50%. 
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Figure 47. Cyclic resistance ratio surface corresponding to 50% of liquefaction probability (solid 

squares – liquefaction cases, hollow circles – nonliquefaction cases) 

It shall be noted that the σE value in Equation 47 only incorporates model uncertainty, thus 

represents only the uncertainty in the triggering relationship. Uncertainty of the measured 

values and parameter uncertainty were not taken into account in the analysis. For a fully 

probabilistic liquefaction hazard analysis, the conditional probability of liquefaction provided 

by the presented equations needs to be combined with the probabilities of exploratory variables, 

i.e., the parameter uncertainties. In most situations, estimation of the latter parameters involves 

much greater uncertainty than the liquefaction triggering model and thus resulting in much 

wider probability contours (Idriss and Boulanger 2010). Due to this reason, even if they quantify 

measurement and parameter uncertainties, majority of the most commonly used empirical 

methods (such as Cetin et al. (2004), and Boulanger and Idriss (2014)) presents their final 

recommended equation by excluding the parameter uncertainty and leaving only the model 

uncertainty in the formula. As it is noted in Boulanger and Idriss (2014), a fully probabilistic 

liquefaction hazard analysis can be structed so that it sequentially branches through a range of 

seismic hazards and site characterizations, so it may be reasonable to only include model 

uncertainty in the liquefaction triggering analysis because the parameter uncertainties were 

already accounted for in the previous branches of the analysis. 
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7.4. Verification of the proposed method 

7.4.1. Canterbury Earthquake Sequence 

The performance of the proposed new procedure was evaluated using the independent 

dataset of the 2010–2011 Canterbury Earthquake Sequence, New Zealand. The sequence began 

with the Mw=7.1 Darfield earthquake on 4 September 2010 and included up to ten events that 

induced liquefaction. However, most notably, widespread liquefaction was induced by the 

Darfield earthquake and the Mw=6.2, 22 February 2011 Christchurch earthquakes. The ground 

motions from these events were recorded across Christchurch and its environs by a dense 

network of strong motion stations. Also, due to the severity and spatial extent of liquefaction 

resulting from the 2010 Darfield earthquake, an extensive subsurface characterization program 

took place with over 10,000 CPT soundings (Green et al. 2014). 

The combination of well-documented liquefaction response during multiple events, 

densely recorded ground motions for the events, and detailed subsurface characterization 

provided an unprecedented opportunity to add numerous quality case histories to the 

liquefaction database. The paper of Green et al. (2014) presented 50 high-quality CPT test 

liquefaction case histories which consisted of 25 sites analysed for both the Darfield and 

Christchurch earthquakes. Besides the compilation of quality liquefaction data, their goal was 

to compare and evaluate commonly used, deterministic, CPT-based liquefaction evaluation 

procedures. An error index was used to quantify the overall performance of the procedures in 

relation to liquefaction observations. It was concluded that among them, the procedure proposed 

by Idriss and Boulanger (2008) results in the lowest error index for the case histories analysed, 

thus indicating better predictions of the observed liquefaction response. 

In a subsequent research of the same authors (Wood et al. 2017), they examined 44 of the 

50 case histories using shear-wave velocity profiles derived from surface wave methods. The 

VS profiles have been used to evaluate the two most commonly used Vs-based simplified 

liquefaction evaluation procedures (Andrus and Stokoe and Kayen et al.). It was found that the 

Kayen et al. procedure outperforms the Andrus and Stokoe procedure but has slightly worse 

performance than that of the CPT-based Idriss and Boulanger method. 

The compiled case histories of the Canterbury Earthquake Sequence and the fact that they 

were explored by both CPT and VS measurement provide an excellent opportunity for the 

verification of the developed combined method and comparison with the most commonly used 

and best performing CPT- and VS-based methods (i.e. with the procedures of Idriss and 

Boulanger and Kayen et al.). 
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7.4.2. Evaluation of the procedures 

The papers of Green et al. (2014) and Wood et al. (2017) define an error index to 

quantitatively assess which liquefaction evaluation procedure yields the “most accurate” 

predictions for the data analysed. The proposed error indices equal zero if all the predictions 

correctly match the field observations but increase in value as the number and “magnitude” of 

the mispredictions increases. A misprediction is when e.g. liquefaction was observed after an 

earthquake, but a simplified liquefaction evaluation procedure predicts no liquefaction for the 

given loading and soil resistance. For mispredicted cases, the value of error index is the function 

of |CSR-CRR|, where CSR is the seismic loading induced at the site and CRR is calculated from 

the measured in-situ index using the evaluated method.      

For present study, a similar concept was adopted to compare the different methods’ 

prediction capability. The aforementioned indices can be illustrated as the vertical distance 

between the CRR and the plotted mispredicted point. To allow direct comparison of the 

methods and to adopt a slightly more straightforward approach, not the distance between CSR 

and CRR was used for quantification, but mispredictions were quantified in terms of factor of 

safety. On an individual case basis, the error index (EI) equals zero for a correct prediction of 

a liquefaction or nonliquefaction case and equals the absolute value of 1 minus FS for 

mispredicted cases. Similarly to the paper of Wood et al. (2017), to acknowledge the varying 

significance of the consequences of mispredicting cases, weighting factors are included in the 

error index: 1.0 for mispredicted liquefaction cases, and 0.5 for mispredicted no Liquefaction 

cases: 

𝐸𝐼 = 0  𝑓𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 

𝐸𝐼 = 𝐹𝑆 − 1  𝑓𝑜𝑟 𝑚𝑖𝑠𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑙𝑖𝑞𝑢𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑠𝑒 

𝐸𝐼 = 0.5 ∙ (1 − 𝐹𝑆)  𝑓𝑜𝑟 𝑚𝑖𝑠𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑛𝑜𝑛 − 𝑙𝑖𝑞𝑢𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑠𝑒 

(49) 

The computed error index values for the 44 case histories are summarized in Table 8 and 

the details of the calculation are presented in the Appendix 3 (Bán and Mahler 2018, Bán et al. 

2018). Please note that the values of error indices are different from those presented in Green 

et al. (2014) and Wood et al. (2017) due to the different error index definition. Green et al. 

(2014) and Wood et al. (2017) categorized the cases based on their severity as “no liquefaction”, 

“minor liquefaction”, “moderate liquefaction” and “severe liquefaction” cases. For this study, 

the latter 3 cases were considered as simply liquefaction cases and the first category was 

obviously the no liquefaction case. 
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Table 8. Error index and number of mispredicted sites for the three evaluated liquefaction evaluation 

procedures 

Earthquake Parameter 
Idriss and 

Boulanger (2008) 
Kayen et al. 

(2014) 
Bán et al. 

(2016) 

Darfield 
error index 0.731 0.498 1.450 

number of mispredicted sites 5 3 5 

Christchurch 
error index 0.433 0.943 0.711 

number of mispredicted sites 6 6 2 

Total 
error index 1.164 1.440 2.162 

number of mispredicted sites 11 9 7 

Based on the evaluated 44 case histories, the proposed equation has the highest error index 

term, so it has the worst prediction capability among the three examined methods. As it is 

concluded by Wood et al. (2017) and also confirmed by present comparison, the total error 

values obtained using Kayen et al. (2013) Vs-based procedure is higher than that of the Idriss 

and Boulanger (2008) CPT-based procedure indicating slightly better performance of the latter. 

However, if one considers not the error index but the number of mispredicted sites, in that case 

the proposed equation outperforms the other two procedures. The recommended formula 

mispredicted 7 cases, and all of them were false positive predictions (liquefaction was predicted 

but did not occur in reality). The procedures of Idriss and Boulanger and Kayen et al. had 6 and 

7 false positive predictions from the 11 and 9 mispredicted cases, respectively.   

The higher error index of the proposed equation is resulted by the combined nature of the 

method: for sites where CPT and VS independently yielded false positive predictions (FS 

around 0.6-0.8), their combination results in a much lower factor of safety (around 0.3-0.4) and 

consequently much higher error index. On the other hand, during the Christchurch earthquake 

the CPT- and VS-based procedures predicted no liquefaction for some liquefied site (FS around 

1.0-1.1), for which the recommended combined formula predicted correct response. Due to 

these factors the recommended combined equation predicted less false responses but where 

false prediction occurred, the magnitude of error was considerably higher than that of Idriss 

and Boulanger CPT- or Kayen et al. VS-based method. The obtained results, however, are still 

very promising, since the proposed method has seen very little refinement so far, especially 

compared to the other two methods. 

7.5. Performance of the energy-based approach 

As it was discussed in Section 3.2.2., energy-based parameters represent a promising 

alternative to characterize seismic loading and previous studies showed that such parameters 
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may have better correlation with pore pressure generation than amax. To investigate the potential 

of the energy-based parameter of Arias intensity, Equation 47 was also developed by using this 

intensity measure instead of the acceleration and magnitude pair. The same liquefaction case 

history dataset, presented in Appendix 2, was used for the development as for the proposed 

simplified method, and the Arias intensity representing the seismic loading was obtained from 

attenuation relationships.       

Arias intensity for each site was determined using two different attenuation relationships 

and three approaches. The first relationship was published by Kayen (1993) and is regressed 

for soft soil sites (i.e. takes into account local soil amplification):    

𝑙𝑜𝑔(𝐼𝐴) = 𝑀𝑤 − 3.4 − 2 ∙ 𝑙𝑜𝑔(𝑟∗) (50) 

where: r* is the Pythagorean distance between the site and the closest distance to the fault 

rupture plane at the earthquake focal depth. In most of the cases, the closest distance to the fault 

rupture plane was not available in the aforementioned source datasets, thus, r* was replaced by 

the Pythagorean distance calculated from the epicentral distance and focal depth as a 

simplification. The other attenuation relationship used for determining IA was developed by 

Travasarou et al. (2003) and is presented in Figure 48: 

𝑙𝑛(𝐼𝐴) = 2.799 − 1.981 ∙ (𝑀𝑤 − 6) + 20.724 ∙ 𝑙𝑛 (
𝑀𝑤

6
) − 1.703

∙ 𝑙𝑛 (√𝑅2 + 8.7752) + (0.454 + 0.101 ∙ (𝑀𝑤 − 6)) ∙ 𝑆𝐶

+ (0.479 + 0.334 ∙ (𝑀𝑤 − 6)) ∙ 𝑆𝐷 − 0.166 ∙ 𝐹𝑁 + 0.512 ∙ 𝐹𝑅 

(51) 

where: R is the closest distance to the rupture plane in km, SC and SD are both 0 for site B, 1 and 

0 for site C, and 0 and 1 for site D (site classification is as per UBC), FN and FR are both 0 for 

strike slip, 1 and 0 for normal, and 0 and 1 for reverse or reverse oblique faults. The authors, 

however, highlight that applicability of Equation 51 is restricted to earthquakes occurring in 

active plate margin regions with moment magnitudes 4.7≤ Mw≤7.6. In addition, the relationship 

is not intended to be used for soft soil sites (UBC site category SE) or sites requiring site-specific 

evaluation, such as liquefiable soils (UBC site category SF).  

Travasarou et al. (2003) developed the above relationship using records from stations with 

Site B, C or D (according to UBC site category), which are stiffer than soils that are generally 

subject to liquefaction. To adjust these stiff ground estimates of IA, a soil amplification factor 

(FA) described by Stewart et al. (2003) was applied. Although this transfer function was 

developed for accelerations, Mayfield (2007) showed how it can be used for CAV5 and how can 

the value of FA back-calculated if only the surface acceleration (amax) of the liquefied sites is 
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known. Similarly to CAV5, the amplification factor for spectral acceleration with a period of 

one second is judged to be acceptable for Arias intensity also. Thus, the following formulae 

were used to convert the “bedrock value” of Arias intensity to the surface:  

𝑎𝑚𝑎𝑥,𝑟𝑜𝑐𝑘 = 𝑒𝑥𝑝(
𝑙𝑛(𝑎𝑚𝑎𝑥) − 𝑎

𝑏 + 1
) (52) 

𝑙𝑛(𝐹𝐴) = a + b ∙ ln(𝑎𝑚𝑎𝑥,𝑟𝑜𝑐𝑘) (53) 

𝐼𝐴 = 𝐼𝐴,𝑟𝑜𝑐𝑘 ∙ 𝐹𝐴 (54) 

where: amax has a unit of g, and a and b are empirical coefficients, which have a value of 0.38 

and -0.02, respectively, for NEHRP Site D and a period of one second (the Site D category has 

been selected because the average shear-wave velocity over 30 m from ground surface, VS30, 

for the compiled sites is likely to fall between 180-360 m/sec).   

The Arias intensity for each site was also calculated using solely the attenuation 

relationship of Travasarou et al. (2003), but in this case, the values were calculated for site 

category D (which corresponds to stiff soil conditions having similar VS30 value between 180 

and 360 m/s) and no additional site amplification was applied.  

 

Figure 48. Median value of Arias intensity against distance for three different site categories and three 

different magnitude earthquakes for a strike-slip fault after Travasarou et al. (2003) 
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After Arias intensities were calculated for the surface, Equation 21 was used to convert 

them to their representative value at the depth of interest (IAb). Then, the same logistic 

regression that is described in Section 7.3.3. was performed on the dataset as for the cyclic 

stress-based method and the following expressions were obtained.  

Using the attenuation relationship of Kayen (1993) (Bán et al. 2017b):    

𝑃𝐿 = 𝛷 [−
0.078 ∙ 𝑉𝑆1 + 0.221 ∙ 𝑞𝑐1𝑁𝑐𝑠 − 4.48 ∙ 𝑙𝑛(𝐼𝐴𝑏) − 29.06

4.91
] (55) 

where: qc1Ncs is the dimensionless equivalent clean sand value of normalized overburden 

corrected cone tip resistance, VS1 is the overburden corrected shear wave velocity in m/s, and 

IAb is also in m/s.  

Using the attenuation relationship of Travasarou et al. (2003) for site B and applying the 

amplification factor of Stewart et al. (2003):    

𝑃𝐿 = 𝛷 [−
0.037 ∙ 𝑉𝑆1 + 0.239 ∙ 𝑞𝑐1𝑁𝑐𝑠 − 3.37 ∙ 𝑙𝑛(𝐼𝐴𝑏) − 36.24

6.19
] (56) 

Using the attenuation relationship of Travasarou et al. (2003) for site D:    

𝑃𝐿 = 𝛷 [−
0.047 ∙ 𝑉𝑆1 + 0.206 ∙ 𝑞𝑐1𝑁𝑐𝑠 − 3.77 ∙ 𝑙𝑛(𝐼𝐴𝑏) − 33.30

5.25
] (57) 

The denominator (standard deviation of the error term) is higher for all three cases than 

that of obtained for the cyclic stress-based method indicating wider probability contours and 

larger uncertainty of the models. Theoretically energy-related integral parameters, such as Arias 

intensity, better quantify earthquake-imposed demands, which means that the standard 

deviation of error term should be lower in this approach. The resulted inverse tendency (namely 

the logistic regression resulted in higher standard deviation) can be attributed to two main 

reasons: 1.) attenuation relationships for amax are much more advanced than for any other 

motion-related parameters and, therefore, can provide better approximation of the actual 

seismic loading, 2.) the compiled dataset contains several sites where amax was determined by 

the original authors from nearby ground motion records rather than attenuation relationships, 

and these values can be considered more reliable than those obtained from such a relationship, 

whereas the Arias intensity needed to be determined for all the sites using attenuation 

relationships.  

The performance of the developed Arias intensity-based liquefaction triggering 

relationships (Equation 55 through 57) was also evaluated using the independent dataset of the 

Canterbury Earthquake Sequence. Arias intensity was calculated for each site using the three 

above discussed approaches (Equation 50 through 54). Then factor of safety and the 
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corresponding error index using Equation 49 was also obtained for each site (Table 9). For the 

calculation of FS, the probability of liquefaction was taken as 0.15.  

Table 9. Error index and number of mispredicted sites for the developed three Arias intensity-based 

equations 

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 

number of 
mispredicted sites 

7 7 7 

Christchurch 
error index 0.957 1.375 1.055 

number of 
mispredicted sites 

2 4 3 

Total 
error index 4.189 4.698 4.292 

number of 
mispredicted sites 

9 11 10 

The developed equations consistently overpredict the liquefaction hazard of the 

investigated sites and yield FS<1 for almost all cases. For the Darfield earthquake case histories, 

the three different approaches yielded very similar results. For the Christchurch earthquake, 

however, larger differences were observed in the results, the overall performance of the 

methods is still quite similar. As Table 9 demonstrates, the Arias intensity-based equations have 

by far the worst performance among the developed and examined methods. Given that the 

development of the equation is based on exactly the same dataset as the proposed cyclic stress-

based formula and followed the exact same procedure, the inaccuracy of the calculated and used 

Arias intensity values for the compiled dataset are the only reason behind this considerably 

worse performance. This implies that even though, Arias intensity is theoretically a better 

parameter to quantify earthquake demand, simple attenuation relationships used for its 

determination are not advanced enough to reliably characterize earthquake loading with regard 

to liquefaction (Bán et al. 2019). This means that the accurate determination of Arias intensity 

(or any other loading parameter) should be a cornerstone for any energy-related liquefaction 

potential assessment procedure that might not be achieved by using simple attenuation 

relationships. 

 

  



Liquefaction susceptibility of poorly graded Danube sands Zoltán Bán 

 

83 
 

8. Summary and future work  

Liquefaction is a thoroughly studied phenomenon, and 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 measures that are implemented if liquefaction hazard 

emerges including the identification of liquefaction susceptible deposits and the calculation of 

liquefaction potential. The first three sections of this study discuss these topics giving particular 

attention to the different procedures used to evaluate liquefaction potential of soil deposits.  

The seismicity of Hungary can be considered moderately active. The greatest portion of 

the country is occupied by low-lying plains covered by Holocene fluvial and alluvial sediments 

with relatively high groundwater table. Consequently, the area is prone to the development of 

liquefaction, and in fact, despite the moderate seismicity, several liquefaction cases were 

documented after larger historical earthquakes. The last such earthquake occurred in 1956 at 

Dunaharaszti, for which the location of two liquefied sites could be identified ~60 years later. 

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

Hungary. This included field and laboratory tests allowing the back-calculation of maximum 

horizontal ground acceleration of the earthquake. There is no instrumental record of this value 

because the closest seismometer saturated during the event. The 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 regions with low to moderate seismicity, such as Hungary, geotechnical engineers often 

overlook liquefaction hazard, however, when addressed, it is often overestimated due to 

improper characterization of probabilistic seismic loading. 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). 

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. For this reason, a comprehensive cyclic triaxial testing 

programme was conducted on 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 
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set of parameters for the pore pressure generation model of Vucetic and Dobry (1986) was also 

recommended that can be used for poorly graded clean Danube sands.    

Paks NPP is the most critical facility of the country, where low-probability events shall be 

considered for design and safety analyses. Consequently, the site is the most thoroughly 

analysed area of the country regarding liquefaction susceptibly. For such a facility, liquefaction 

hazard should be evaluated on probabilistic basis and by using state-of-the-practice procedures. 

The most used simplified assessment procedures are based on in-situ tests, but these may yield 

to different results and contradicting conclusions. For the sake of reducing uncertainties 

emerging from the different results of CPT and VS measurement and exploiting their 

complementary results, 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 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, its performance is still promising, which 

is reflected by the fact the proposed equation produced the lowest number of mispredicted sites. 

The proposed method may become a helpful tool for practicing engineers to reliably 

characterize liquefaction potential, however there is still need for improvement. 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, by screening data quality and adding further 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. Although energy-

related parameters, such as Arias intensity, may better correlate with pore pressure generation, 

their application in practice is very limited due to 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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9. 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 49 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 49. 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 50. 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 51. 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))   

Publications 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
 (58) 

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 10. 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

]
 
 
 
 

 (59) 

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 52. 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 11. 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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Cyclic triaxial laboratory test reports 
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Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2015.10.22

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

27.7

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:
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#1_1

1

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2015.10.22

reconstituted

SAMPLE DATA

1_1

3.76

7.16

TESTED SOIL

brownish yellow fine sand, fSa

Composition of the sample (%):
gravel

0.14

Soil:

Page: 1

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%
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The test results in this report relate only to the samples tested!
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The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Page: 2 GTT-CIKL

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.09.30

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 10

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.94

Poisson ratio (-): 1.48

Shape of loading function: Void ratio (-): 0.76

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 28.6

Cell pressure (kPa): Initial height (cm): 6.47

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 1_2

Back-pressure (kPa): Initial diameter (cm): 3.77

0.14 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.09.30

Number of test: #1_2 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 2
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The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Page: 3 GTT-CIKL

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.10.11

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 70

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.96

Poisson ratio (-): 1.52

Shape of loading function: Void ratio (-): 0.73

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.6

Cell pressure (kPa): Initial height (cm): 7.41

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 1_3

Back-pressure (kPa): Initial diameter (cm): 3.8

0.14 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.10.11

Number of test: #1_3 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 3
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TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 4

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.10.14

Number of test: #1_4 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.14 0.00 0.00

Skempton's B value: Number of sample: 1_4

Back-pressure (kPa): Initial diameter (cm): 3.75

Cell pressure (kPa): Initial height (cm): 7.28

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 29.5

Drainage: 1.93

Poisson ratio (-): 1.47

Shape of loading function: Void ratio (-): 0.78

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 3

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.10.14

…………………………………..
Prepared by
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The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 5

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%
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2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2015.11.20

reconstituted

SAMPLE DATA

1_5

3.84

6.92

TESTED SOIL

brownish yellow fine sand, fSa

Composition of the sample (%):
gravel

0.14

Soil:

19.1

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#1_5

5

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.51

2.10

1.0

1.76

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2015.11.20

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

0 1 2 3 4 5 6 7

A
xi

al
 s

tr
ai

n
 (

%
)

Cycle

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7

Ex
ce

ss
 p

o
re

 p
re

ss
u

re
 r

at
io

 (
-)

Cycle

-80

-60

-40

-20

0

20

40

60

80

-5 -4 -3 -2 -1 0 1 2 3 4 5

A
xi

al
 s

tr
e

ss
 (

kP
a)

Axial strain (%)

n=2

n=5

n=8

n=12



sand

99.86

0.94

255

407

152

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.71

0.5 Dry bulk density (g/cm
3
): 1.71

sinusoidal 0.55

2 0.0

40

40

0.13

0.08

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 6

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.11.11

Number of test: #1_6 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.14 0.00 0.00

Skempton's B value: Number of sample: 1_6

Back-pressure (kPa): Initial diameter (cm): 3.82

Cell pressure (kPa): Initial height (cm): 7

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 20.2

Drainage: 2.08

Poisson ratio (-): 1.71

Shape of loading function: Void ratio (-): 0.54

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 175

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.11.11

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

99.86

0.91

256

402

146

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.74

0.5 Dry bulk density (g/cm
3
): 1.74

sinusoidal 0.52

2 0.0

50

50

0.17

0.10

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 7

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.11.16

Number of test: #1_7 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.14 0.00 0.00

Skempton's B value: Number of sample: 1_7

Back-pressure (kPa): Initial diameter (cm): 3.85

Cell pressure (kPa): Initial height (cm): 6.99

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 19.2

Drainage: 2.10

Poisson ratio (-): 1.74

Shape of loading function: Void ratio (-): 0.51

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 53

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.11.16

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

99.86

0.96

256

403

147

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.76

0.5 Dry bulk density (g/cm
3
): 1.76

sinusoidal 0.51

2 0.0

58

58

0.20

0.12

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Page: 8 GTT-CIKL

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.11.18

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 12

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 2.11

Poisson ratio (-): 1.76

Shape of loading function: Void ratio (-): 0.49

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 18.6

Cell pressure (kPa): Initial height (cm): 6.95

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 1_8

Back-pressure (kPa): Initial diameter (cm): 3.82

0.14 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.11.18

Number of test: #1_8 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 8
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sand

99.86

0.94

246

400

154

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.56

0.5 Dry bulk density (g/cm
3
): 1.56

sinusoidal 0.70

2 0.0

40

40

0.13

0.08

0.68

1.98

1.0

1.56

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.01.21

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

25.6

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#1_9

9

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.01.21

reconstituted

SAMPLE DATA

1_9

3.7

6.87

TESTED SOIL

brownish yellow fine sand, fSa

Composition of the sample (%):
gravel

0.14

Soil:

Page: 9

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

17

Zoltán Bán

…………………………………..

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:
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sand

99.86

0.95

245

400

155

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.59

0.5 Dry bulk density (g/cm
3
): 1.59

sinusoidal 0.67

2 0.0

50

50

0.16

0.10

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Page: 10 GTT-CIKL

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.22

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 5

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 2.01

Poisson ratio (-): 1.59

Shape of loading function: Void ratio (-): 0.64

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 23.9

Cell pressure (kPa): Initial height (cm): 7.21

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 1_10

Back-pressure (kPa): Initial diameter (cm): 3.67

0.14 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.22

Number of test: #1_10 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 10
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sand

99.86

0.96

246

400

154

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.57

0.5 Dry bulk density (g/cm
3
): 1.57

sinusoidal 0.69

2 0.0

35

35

0.11

0.07

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Page: 11 GTT-CIKL

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.29

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 48

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.99

Poisson ratio (-): 1.57

Shape of loading function: Void ratio (-): 0.66

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 25.0

Cell pressure (kPa): Initial height (cm): 6.92

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 1_11

Back-pressure (kPa): Initial diameter (cm): 3.72

0.14 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.29

Number of test: #1_11 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 11
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sand

99.86

0.95

250

401

151

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.59

0.5 Dry bulk density (g/cm
3
): 1.59

sinusoidal 0.67

2 0.0

30

30

0.10

0.06

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 12

Soil: brownish yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.26

Number of test: #1_12 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.14 0.00 0.00

Skempton's B value: Number of sample: 1_12

Back-pressure (kPa): Initial diameter (cm): 3.73

Cell pressure (kPa): Initial height (cm): 7.06

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 24.9

Drainage: 2.00

Poisson ratio (-): 1.59

Shape of loading function: Void ratio (-): 0.66

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 196

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.26

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

99.80

0.94

250

400

150

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.50

0.5 Dry bulk density (g/cm
3
): 1.50

sinusoidal 0.77

2 0.0

32

32

0.11

0.06

0.73

1.96

1.0

1.50

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.09.04

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

27.4

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#2_1

13

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2015.09.04

reconstituted

SAMPLE DATA

2_1

3.74

6.65

TESTED SOIL

yellow fine sand, fSa

Composition of the sample (%):
gravel

0.20

Soil:

Page: 13

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

93

Zoltán Bán

…………………………………..

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:
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0.96
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150

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.51

0.5 Dry bulk density (g/cm
3
): 1.51

sinusoidal 0.76

2 0.0

40

40

0.13

0.08

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.09.04

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 22

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.96

Poisson ratio (-): 1.51

Shape of loading function: Void ratio (-): 0.73

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.5

Cell pressure (kPa): Initial height (cm): 6.46

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 2_2

Back-pressure (kPa): Initial diameter (cm): 3.74

0.20 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.09.04

Number of test: #2_2 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 14
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): 1.52

0.5 Dry bulk density (g/cm
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): 1.52
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Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.09.04

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 18

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.96

Poisson ratio (-): 1.52

Shape of loading function: Void ratio (-): 0.72

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.1

Cell pressure (kPa): Initial height (cm): 6.47

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 2_3

Back-pressure (kPa): Initial diameter (cm): 3.8

0.20 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.09.04

Number of test: #2_3 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 15
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sand

99.80

0.95

250

400

150

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.48

0.5 Dry bulk density (g/cm
3
): 1.48

sinusoidal 0.79

2 0.0

35

35

0.12

0.07

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 16

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.09.04

Number of test: #2_4 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.20 0.00 0.00

Skempton's B value: Number of sample: 2_4

Back-pressure (kPa): Initial diameter (cm): 3.76

Cell pressure (kPa): Initial height (cm): 6.61

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 29.0

Drainage: 1.93

Poisson ratio (-): 1.48

Shape of loading function: Void ratio (-): 0.77

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 45

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.09.04

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

99.80

0.98

260

405

145

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.75

0.5 Dry bulk density (g/cm
3
): 1.75

sinusoidal 0.52

2 0.0

50

50

0.17

0.10

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 17

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

54

Zoltán Bán

…………………………………..

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2015.11.25

reconstituted

SAMPLE DATA

2_5

3.83

7.11

TESTED SOIL

yellow fine sand, fSa

Composition of the sample (%):
gravel

0.20

Soil:

18.8

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#2_5

17

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.50

2.10

1.0

1.75

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2015.11.25

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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0.95
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404

149

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.74

0.5 Dry bulk density (g/cm
3
): 1.74

sinusoidal 0.52

2 0.0

40

40

0.13

0.08

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 18

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.11.26

Number of test: #2_6 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.20 0.00 0.00

Skempton's B value: Number of sample: 2_6

Back-pressure (kPa): Initial diameter (cm): 3.82

Cell pressure (kPa): Initial height (cm): 7.2

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 19.3

Drainage: 2.09

Poisson ratio (-): 1.74

Shape of loading function: Void ratio (-): 0.51

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 1069

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.11.26

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

99.80

0.96

257

404

147

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.79

0.5 Dry bulk density (g/cm
3
): 1.79

sinusoidal 0.48

2 0.0

58

58

0.20

0.12

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 19

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.12.02

Number of test: #2_7 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.20 0.00 0.00

Skempton's B value: Number of sample: 2_7

Back-pressure (kPa): Initial diameter (cm): 3.84

Cell pressure (kPa): Initial height (cm): 7.14

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 18.2

Drainage: 2.11

Poisson ratio (-): 1.79

Shape of loading function: Void ratio (-): 0.48

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 17

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.12.02

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

99.80

0.95

252

401

149

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.75

0.5 Dry bulk density (g/cm
3
): 1.75

sinusoidal 0.52

2 0.0

65

65

0.22

0.13

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Page: 20 GTT-CIKL

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2015.12.03

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 8

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 2.09

Poisson ratio (-): 1.75

Shape of loading function: Void ratio (-): 0.51

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 19.2

Cell pressure (kPa): Initial height (cm): 7.19

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 2_8

Back-pressure (kPa): Initial diameter (cm): 3.86

0.20 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2015.12.03

Number of test: #2_8 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 20
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sand

99.80

0.97

257

403

146

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.58

0.5 Dry bulk density (g/cm
3
): 1.58

sinusoidal 0.67

2 0.0

50

50

0.17

0.10

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 21

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

5

Zoltán Bán

…………………………………..

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.01.11

reconstituted

SAMPLE DATA

2_9

3.68

6.88

TESTED SOIL

yellow fine sand, fSa

Composition of the sample (%):
gravel

0.20

Soil:

24.5

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#2_9

21

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.65

2.00

1.0

1.58

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.01.11

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.60

0.5 Dry bulk density (g/cm
3
): 1.60

sinusoidal 0.66

2 0.0

40

40

0.14

0.08

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 22

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.12

Number of test: #2_10 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.20 0.00 0.00

Skempton's B value: Number of sample: 2_10

Back-pressure (kPa): Initial diameter (cm): 3.77

Cell pressure (kPa): Initial height (cm): 6.74

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 23.7

Drainage: 2.01

Poisson ratio (-): 1.60

Shape of loading function: Void ratio (-): 0.63

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 15

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.12

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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99.80

0.96

257

405

148

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.56

0.5 Dry bulk density (g/cm
3
): 1.56

sinusoidal 0.70

2 0.0

30

30

0.10

0.06

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 23

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.13

Number of test: #2_11 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.20 0.00 0.00

Skempton's B value: Number of sample: 2_11

Back-pressure (kPa): Initial diameter (cm): 3.72

Cell pressure (kPa): Initial height (cm): 7.24

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 25.1

Drainage: 1.99

Poisson ratio (-): 1.56

Shape of loading function: Void ratio (-): 0.67

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 138

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.13

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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0.95
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152

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.63

0.5 Dry bulk density (g/cm
3
): 1.63

sinusoidal 0.63

2 0.0

35

35

0.12

0.07

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.14

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 38

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 2.03

Poisson ratio (-): 1.63

Shape of loading function: Void ratio (-): 0.61

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 22.9

Cell pressure (kPa): Initial height (cm): 6.99

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 2_12

Back-pressure (kPa): Initial diameter (cm): 3.69

0.20 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: yellow fine sand, fSa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.14

Number of test: #2_12 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 24
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sand

98.26

0.96

249

400

151

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.52

0.5 Dry bulk density (g/cm
3
): 1.52

sinusoidal 0.75

2 0.0

50

50

0.17

0.10

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 25

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

9

Zoltán Bán

…………………………………..

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.01.27

reconstituted

SAMPLE DATA

3_1

3.75

6.74

TESTED SOIL

grey medium sand, Sa

Composition of the sample (%):
gravel

1.74

Soil:

27.7

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#3_1

25

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.73

1.95

1.0

1.52

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.01.27

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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sand

98.26

0.95

249

400

151

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.52

0.5 Dry bulk density (g/cm
3
): 1.52

sinusoidal 0.75

2 0.0

40

40

0.13

0.08

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 26

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.28

Number of test: #3_2 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.74 0.00 0.00

Skempton's B value: Number of sample: 3_2

Back-pressure (kPa): Initial diameter (cm): 3.81

Cell pressure (kPa): Initial height (cm): 6.63

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.9

Drainage: 1.95

Poisson ratio (-): 1.52

Shape of loading function: Void ratio (-): 0.74

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 61

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.28

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

98.26

0.94

247

400

153

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.50

0.5 Dry bulk density (g/cm
3
): 1.50

sinusoidal 0.77

2 0.0

46

46

0.15

0.09

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 27

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.02.01

Number of test: #3_3 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.74 0.00 0.00

Skempton's B value: Number of sample: 3_3

Back-pressure (kPa): Initial diameter (cm): 3.75

Cell pressure (kPa): Initial height (cm): 6.62

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 28.5

Drainage: 1.94

Poisson ratio (-): 1.50

Shape of loading function: Void ratio (-): 0.76

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 11

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.01

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

98.26

0.96

250

400

150

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.54

0.5 Dry bulk density (g/cm
3
): 1.54

sinusoidal 0.72

2 0.0

35

35

0.12

0.07

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.02

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 438

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.96

Poisson ratio (-): 1.54

Shape of loading function: Void ratio (-): 0.71

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 26.9

Cell pressure (kPa): Initial height (cm): 6.7

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 3_4

Back-pressure (kPa): Initial diameter (cm): 3.81

1.74 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.02.02

Number of test: #3_4 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 28
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sand

98.26

0.95

251

402

151

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.79

0.5 Dry bulk density (g/cm
3
): 1.79

sinusoidal 0.48

2 0.0

70

70

0.23

0.14

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 29

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

196

Zoltán Bán

…………………………………..

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.01.04

reconstituted

SAMPLE DATA

3_5

3.82

7.24

TESTED SOIL

grey medium sand, Sa

Composition of the sample (%):
gravel

1.74

Soil:

17.5

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#3_5

29

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.47

2.13

1.0

1.79

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.01.04

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.79

0.5 Dry bulk density (g/cm
3
): 1.79

sinusoidal 0.48

2 0.0

110

110

0.36

0.22

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 30

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.05

Number of test: #3_6 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.74 0.00 0.00

Skempton's B value: Number of sample: 3_6

Back-pressure (kPa): Initial diameter (cm): 3.8

Cell pressure (kPa): Initial height (cm): 7.26

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 18.2

Drainage: 2.11

Poisson ratio (-): 1.79

Shape of loading function: Void ratio (-): 0.48

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 8

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.05

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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401
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.80

0.5 Dry bulk density (g/cm
3
): 1.80

sinusoidal 0.47

2 0.0
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105

0.34

0.20

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 31

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.06

Number of test: #3_7 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.74 0.00 0.00

Skempton's B value: Number of sample: 3_7

Back-pressure (kPa): Initial diameter (cm): 3.8

Cell pressure (kPa): Initial height (cm): 7.04

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 17.5

Drainage: 2.13

Poisson ratio (-): 1.80

Shape of loading function: Void ratio (-): 0.46

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 13

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.06

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.81

0.5 Dry bulk density (g/cm
3
): 1.81

sinusoidal 0.47

2 0.0
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0.19

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.01.07

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 22

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 2.13

Poisson ratio (-): 1.81

Shape of loading function: Void ratio (-): 0.46

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 17.3

Cell pressure (kPa): Initial height (cm): 7.24

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 3_8

Back-pressure (kPa): Initial diameter (cm): 3.81

1.74 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.01.07

Number of test: #3_8 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 32
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sand

98.26

0.92

245

400

155

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.59

0.5 Dry bulk density (g/cm
3
): 1.59

sinusoidal 0.66

2 0.0

50

50

0.16

0.10

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 33

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

56

Zoltán Bán

…………………………………..

2015.07.31

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.02.03

reconstituted

SAMPLE DATA

3_9

3.84

7.34

TESTED SOIL

grey medium sand, Sa

Composition of the sample (%):
gravel

1.74

Soil:

24.4

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#3_9

33

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.65

2.00

1.0

1.59

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.02.03

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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sand

98.26

0.93

247

398

151

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.63

0.5 Dry bulk density (g/cm
3
): 1.63

sinusoidal 0.63

2 0.0

60

60

0.20

0.12

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 34

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.02.05

Number of test: #3_10 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.74 0.00 0.00

Skempton's B value: Number of sample: 3_10

Back-pressure (kPa): Initial diameter (cm): 3.71

Cell pressure (kPa): Initial height (cm): 7.33

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 23.3

Drainage: 2.02

Poisson ratio (-): 1.63

Shape of loading function: Void ratio (-): 0.62

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 12

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.05

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand
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400

150

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.64

0.5 Dry bulk density (g/cm
3
): 1.64

sinusoidal 0.61

2 0.0

55

55

0.18

0.11

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 35

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.02.11

Number of test: #3_11 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.74 0.00 0.00

Skempton's B value: Number of sample: 3_11

Back-pressure (kPa): Initial diameter (cm): 3.84

Cell pressure (kPa): Initial height (cm): 7.28

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 22.8

Drainage: 2.03

Poisson ratio (-): 1.64

Shape of loading function: Void ratio (-): 0.60

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 42

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.11

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.62

0.5 Dry bulk density (g/cm
3
): 1.62

sinusoidal 0.63

2 0.0
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45

0.15

0.09

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.09

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 201

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 2.02

Poisson ratio (-): 1.62

Shape of loading function: Void ratio (-): 0.62

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 23.4

Cell pressure (kPa): Initial height (cm): 6.92

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 3_12

Back-pressure (kPa): Initial diameter (cm): 3.83

1.74 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.07.31

Location: - Test date: 2016.02.09

Number of test: #3_12 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 36

-3

-2

-1

0

1

2

3

0 50 100 150 200

A
xi

al
 s

tr
ai

n
 (

%
)

Cycle

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

Ex
ce

ss
 p

o
re

 p
re

ss
u

re
 r

at
io

 (
-)

Cycle

-60

-40

-20

0

20

40

60

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

A
xi

al
 s

tr
e

ss
 (

kP
a)

Axial strain (%)

n=50

n=180

n=195

n=198



sand

96.92
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253

430

177

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.50

0.5 Dry bulk density (g/cm
3
): 1.50

sinusoidal 0.77

2 0.0

32

32

0.09

0.05

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 37

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

519

Zoltán Bán

…………………………………..

2015.07.22

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.02.21

reconstituted

SAMPLE DATA

4_1

3.83

6.82

TESTED SOIL

greyish brown medium sand, Sa

Composition of the sample (%):
gravel

3.08

Soil:

27.7

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#4_1

37

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.73

1.95

1.0

1.50

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.02.21

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.53

0.5 Dry bulk density (g/cm
3
): 1.53

sinusoidal 0.73

2 0.0

57

57

0.16

0.09

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 38

Soil: greyish brown medium sand, Sa

Client: - Sampling date: 2015.07.22

Location: - Test date: 2016.02.23

Number of test: #4_2 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

3.08 0.00 0.00

Skempton's B value: Number of sample: 4_2

Back-pressure (kPa): Initial diameter (cm): 3.81

Cell pressure (kPa): Initial height (cm): 6.9

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.0

Drainage: 1.96

Poisson ratio (-): 1.53

Shape of loading function: Void ratio (-): 0.71

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 8

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.23

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

96.92

0.93

248

430

182

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.51

0.5 Dry bulk density (g/cm
3
): 1.51

sinusoidal 0.75

2 0.0

50

50

0.14

0.08

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 39

Soil: greyish brown medium sand, Sa

Client: - Sampling date: 2015.07.22

Location: - Test date: 2016.02.23

Number of test: #4_3 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

3.08 0.00 0.00

Skempton's B value: Number of sample: 4_3

Back-pressure (kPa): Initial diameter (cm): 3.83

Cell pressure (kPa): Initial height (cm): 6.95

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 28.0

Drainage: 1.95

Poisson ratio (-): 1.51

Shape of loading function: Void ratio (-): 0.74

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 20

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.23

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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sand

96.92

0.95

250

428

178

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.53

0.5 Dry bulk density (g/cm
3
): 1.53

sinusoidal 0.73

2 0.0

40

40

0.11

0.07

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.27

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 32

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.96

Poisson ratio (-): 1.53

Shape of loading function: Void ratio (-): 0.72

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.0

Cell pressure (kPa): Initial height (cm): 7.08

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 4_4

Back-pressure (kPa): Initial diameter (cm): 3.81

3.08 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: greyish brown medium sand, Sa

Client: - Sampling date: 2015.07.22

Location: - Test date: 2016.02.27

Number of test: #4_4 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 40
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.51

0.5 Dry bulk density (g/cm
3
): 1.51

sinusoidal 0.76

2 0.0

40

40

0.11

0.07

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 41

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

43

Zoltán Bán

…………………………………..

2015.06.29

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.02.17

reconstituted

SAMPLE DATA

5_1

3.7

6.77

TESTED SOIL

grey medium sand, Sa

Composition of the sample (%):
gravel

1.39

Soil:

27.7

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#5_1

41

dry pluviation

silt clay

0.00 0.00

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.74

1.95

1.0

1.51

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.02.17

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.55

0.5 Dry bulk density (g/cm
3
): 1.55

sinusoidal 0.71

2 0.0

50

50

0.14

0.08

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 42

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.06.29

Location: - Test date: 2016.02.18

Number of test: #5_2 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.39 0.00 0.00

Skempton's B value: Number of sample: 5_2

Back-pressure (kPa): Initial diameter (cm): 3.79

Cell pressure (kPa): Initial height (cm): 6.62

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 26.3

Drainage: 1.97

Poisson ratio (-): 1.55

Shape of loading function: Void ratio (-): 0.70

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 18

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.18

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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178

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.53

0.5 Dry bulk density (g/cm
3
): 1.53

sinusoidal 0.73

2 0.0

57
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0.16

0.10

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 43

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.06.29

Location: - Test date: 2016.02.19

Number of test: #5_3 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

1.39 0.00 0.00

Skempton's B value: Number of sample: 5_3

Back-pressure (kPa): Initial diameter (cm): 3.8

Cell pressure (kPa): Initial height (cm): 6.79

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 26.9

Drainage: 1.96

Poisson ratio (-): 1.53

Shape of loading function: Void ratio (-): 0.71

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 10

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.19

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.53

0.5 Dry bulk density (g/cm
3
): 1.53

sinusoidal 0.74

2 0.0
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32

0.09

0.05

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.02.20

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 338

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.96

Poisson ratio (-): 1.53

Shape of loading function: Void ratio (-): 0.72

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.1

Cell pressure (kPa): Initial height (cm): 6.87

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 5_4

Back-pressure (kPa): Initial diameter (cm): 3.81

1.39 0.00 0.00

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: grey medium sand, Sa

Client: - Sampling date: 2015.06.29

Location: - Test date: 2016.02.20

Number of test: #5_4 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 44
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90.10

0.99

252

431

179

<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.52

0.5 Dry bulk density (g/cm
3
): 1.52

sinusoidal 0.75

2 0.0

40

40

0.11

0.07

The test results in this report relate only to the samples tested!

-

Client: -

LOADING PARAMETERS

Frequency of loading (Hz):

Project number:

Cell pressure (kPa):

Consolidation type:

Void ratio (-):

Skempton's B value:

Effective consolidation pressure (kPa):

Consolidation time (min):

Back-pressure (kPa):

Drainage:

Shape of loading function:

Page: 45

RESULTSMax. cyclic stress at extension (kPa):

Cyclic stress ratio, CSRtx (-): Failure mode

Number of cycles, N:

GTT-CIKL

Field value of cyclic stress ratio, CSR (-):

ru = 100%

57

Zoltán Bán

…………………………………..

2015.11.25

SAMPLE PROPERTIES

After consolidation

SATURATION AND CONSOLIDATION

2016.03.05

reconstituted

SAMPLE DATA

6_1

3.64

6.84

TESTED SOIL

slightly silty brown fine sand, fSa

Composition of the sample (%):
gravel

0.10

Soil:

26.6

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Test report number:

Sampling date:

Test date:

Sample type:

Location:

Number of test:

-

#6_1

45

dry pluviation

silt clay

7.40 2.40

Number of sample:

Initial diameter (cm):

Initial height (cm):

Sample preparation:

0.70

1.97

1.0

1.52

This report shall not be reproduced, except in full, without the written approval of the laboratory!

Degree of saturation (-):

Poisson ratio (-):

Date: Budapest, 2016.03.05

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Prepared by

Max. cyclic stress at compression (kPa):
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.49

0.5 Dry bulk density (g/cm
3
): 1.49

sinusoidal 0.78

2 0.0
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Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 46

Soil: slightly silty brown fine sand, fSa

Client: - Sampling date: 2015.11.25

Location: - Test date: 2016.03.06

Number of test: #6_2 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.10 7.40 2.40

Skempton's B value: Number of sample: 6_2

Back-pressure (kPa): Initial diameter (cm): 3.7

Cell pressure (kPa): Initial height (cm): 6.68

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 28.1

Drainage: 1.95

Poisson ratio (-): 1.49

Shape of loading function: Void ratio (-): 0.74

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 14

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.03.06

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.51

0.5 Dry bulk density (g/cm
3
): 1.51

sinusoidal 0.76

2 0.0

55
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0.15
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Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 47

Soil: slightly silty brown fine sand, fSa

Client: - Sampling date: 2015.11.25

Location: - Test date: 2016.03.07

Number of test: #6_3 Sample type: reconstituted

TESTED SOIL

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

0.10 7.40 2.40

Skempton's B value: Number of sample: 6_3

Back-pressure (kPa): Initial diameter (cm): 3.69

Cell pressure (kPa): Initial height (cm): 6.95

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 27.9

Drainage: 1.95

Poisson ratio (-): 1.51

Shape of loading function: Void ratio (-): 0.74

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 8

Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.03.07

…………………………………..
Prepared by

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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<1

isotropic

Initial

Water content (%): 0.0

undrained Moist bulk density (g/cm
3
): 1.50

0.5 Dry bulk density (g/cm
3
): 1.50

sinusoidal 0.77

2 0.0
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0.09

0.05

Zoltán Bán

The test results in this report relate only to the samples tested!

This report shall not be reproduced, except in full, without the written approval of the laboratory!
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Devices: Precision scale (KERN PLJ 4000-2M), Triaxial load frame (WYKEHAM&FARRANCE 31-WF7050), Drying oven (KAPACITÍV KKT. PKL-2002A), Load cell 

(WYKEHAM FARRANCE STALC-3-5kN), Digital displacement transducer (Controls)

Date: Budapest, 2016.03.07

…………………………………..
Prepared by

Cyclic stress ratio, CSRtx (-): Failure mode ru = 100%

Field value of cyclic stress ratio, CSR (-): Number of cycles, N: 211

Frequency of loading (Hz): Degree of saturation (-): 1.0

Max. cyclic stress at compression (kPa):

Max. cyclic stress at extension (kPa): RESULTS

Drainage: 1.95

Poisson ratio (-): 1.50

Shape of loading function: Void ratio (-): 0.74

Consolidation time (min):

Consolidation type: SAMPLE PROPERTIES

After consolidation

LOADING PARAMETERS 28.0

Cell pressure (kPa): Initial height (cm): 6.82

Effective consolidation pressure (kPa): Sample preparation: dry pluviation

Skempton's B value: Number of sample: 6_4

Back-pressure (kPa): Initial diameter (cm): 3.74

0.10 7.40 2.40

SATURATION AND CONSOLIDATION SAMPLE DATA

Composition of the sample (%):
gravel silt clay

Soil: slightly silty brown fine sand, fSa

Client: - Sampling date: 2015.11.25

Location: - Test date: 2016.03.07

Number of test: #6_4 Sample type: reconstituted

TESTED SOIL

Accredited laboratory according to EN ISO 17025 - reg.nr. NAH-1-1743/2018

TEST REPORT

Stress-controlled cyclic triaxial testing of soils

ASTM D5311-13

Project number: - Test report number: 48
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APPENDIX 2 

 

Liquefaction dataset for the development of the combined simplified 

procedure 



No. Earthquake Site Liquefied? Source  

1 
1975                    

Haicheng 

Chemical Fiber, Ying-Kou Y Kayen et al. (2013), Moss et al. (2006) 

2 Construction Building, Ying-Kou Y Kayen et al. (2013), Moss et al. (2006) 

3 Paper Mill, Ying-Kou Y Kayen et al. (2013), Moss et al. (2006) 

4 

1976                           
Tangshan 

T4 ‐ Tangshan N Moss et al. (2009), Boulanger and Idriss (2014) 

5 T5 ‐ Tangshan N Moss et al. (2009) 

6 T6 ‐ Tangshan Y Moss et al. (2009) 

7 T7 ‐ Tangshan Y Moss et al. (2009) 

8 T8 ‐ Tangshan Y Moss et al. (2009) 

9 T9 ‐ Tangshan N Moss et al. (2009) 

10 T10 ‐ Tangshan Y Moss et al. (2009) 

11 T11 ‐ Tangshan Y Moss et al. (2009) 

12 T16 ‐ Tangshan N Moss et al. (2009) 

13 Tientsin F13 N Moss et al. (2006), Moss (2003) 

14 Tientsin Y21 Y Moss et al. (2006), Moss (2003) 

15 Tientsin Y29 Y Moss et al. (2006), Moss (2003) 

16 

1979                
Imperial Valley 

Radio Tower B1 Y Kayen et al. (2013), Moss et al. (2006) 

17 McKim Ranch Y Kayen et al. (2013), Moss et al. (2006) 

18 Kornbloom N Kayen et al. (2013), Moss et al. (2006) 

19 Wildlife B N Kayen et al. (2013), Moss et al. (2006) 

20 Heber Road A1 - point bar N Kayen et al. (2013), Moss et al. (2005) 

21 Heber Road A2 - channel fill Y Kayen et al. (2013), Moss et al. (2005) 

22 

1981 
Westmorland 

Radio Tower B1 Y Kayen et al. (2013), Moss et al. (2006) 

23 McKim Ranch N Kayen et al. (2013), Moss et al. (2006) 

24 Kornbloom Y Kayen et al. (2013), Moss et al. (2006) 

25 Wildlife B Y Kayen et al. (2013), Moss et al. (2006) 

26 Heber Road A1 - point bar N Kayen et al. (2013), Moss et al. (2005) 

27 Heber Road A2 - channel fill N Kayen et al. (2013), Moss et al. (2005) 



No. Earthquake Site Liquefied? Source  

28 1983 Borah Peak Pence Ranch - SA1 and SA2 Y Kayen et al. (2013), Moss et al. (2006) 

29 1987                           
Elmore Ranch 

Wildlife B N Kayen et al. (2013), Moss et al. (2006) 

30 Radio Tower B1 N Kayen et al. (2013), Moss et al. (2006) 

31 

1987 
Superstition Hills 

Wildlife B Y Kayen et al. (2013), Moss et al. (2006) 

32 Kornbloom N Kayen et al. (2013), Moss et al. (2006) 

33 Radio Tower B1 N Kayen et al. (2013), Moss et al. (2006) 

34 Heber Road A1 - point bar N Kayen et al. (2013), Moss et al. (2005) 

35 Heber Road A2 - channel fill N Kayen et al. (2013), Moss et al. (2005) 

36 

1989                            
Loma Prieta 

UC4 Sandholt Road Y Kayen et al. (2013), Moss et al. (2006) 

37 UC6 Sandholt Road N Kayen et al. (2013), Moss et al. (2006) 

38 523SIL - Near Silliman 68 Y Kayen et al. (2013), Moss et al. (2006) 

39 524GRA - Near Granite Const. 123 Y Kayen et al. (2013), Moss et al. (2006) 

40 525MRR - Near Marinovich Farm 65 Y Kayen et al. (2013), Moss et al. (2006) 

41 526MRR - Near Marinovich Farm 67 N Kayen et al. (2013), Moss et al. (2006) 

42 527RAD - Near Radovich Farm 98 N Kayen et al. (2013), Moss et al. (2006) 

43 528MCG - Near McGowan Farm 136 N Kayen et al. (2013), Moss et al. (2006) 

44 529MCG - Near McGowan Farm 138 N Kayen et al. (2013), Moss (2003) 

45 Jefferson 121 Y Kayen et al. (2013), Moss et al. (2006) 

46 Jefferson 141 Y Kayen et al. (2013), Moss et al. (2006) 

47 Jefferson 148 Y Kayen et al. (2013), Moss et al. (2006) 

48 Jefferson Ranch 32 Y Kayen et al. (2013), Moss et al. (2006) 

49 UC12, UC13, Moss Land, Harbor Office Y Kayen et al. (2013), Moss et al. (2006) 

50 Marine Lab UC-7 Y Kayen et al. (2013), Moss et al. (2006) 

51 Woodward Marine UC-11 Y Kayen et al. (2013), Moss et al. (2006) 

52 Salinas River Bridge (SRB‐117) N Kayen et al. (2013), Moss et al. (2006) 

53 Treasure Island Fire Station Y Kayen et al. (2013), Boulanger and Idriss (2014) 

54 Miller Farm CMF 8 Y Kayen et al. (2013), Moss et al. (2006) 



No. Earthquake Site Liquefied? Source  

55 Miller Farm CMF 10 Y Kayen et al. (2013), Moss et al. (2006) 

56 Miller Farm CMF 5 Y Kayen et al. (2013), Moss et al. (2006) 

57 Farris Farm 61 Y Kayen et al. (2013), Moss et al. (2006) 

58 Farris Farm 58 Y Kayen et al. (2013), Moss et al. (2006) 

59 Model Airport - Air 18 Y Kayen et al. (2013), Moss et al. (2006) 

60 Model Airport - Air 21 Y Kayen et al. (2013), Moss et al. (2006) 

61 SEAMIST FARM 31 Y Kayen et al. (2013), Moss et al. (2006) 

62 Southern Pacific Bridge Y Kayen et al. (2013), Moss et al. (2006) 

63 Tanimura 105 N Kayen et al. (2013), Moss et al. (2006) 

64 UC9 Moss Landing, Woodward Marine Y Kayen et al. (2013), Boulanger and Idriss (2014) 

65 

1999 Chi-Chi 

Wufeng-4 Y Ku et al. (2003), Moss et al. (2006) 

66 Nantou-1 Y Ku et al. (2003), Moss et al. (2006) 

67 Nantou-1 N Ku et al. (2003), Moss et al. (2006) 

68 Yuanlin-2 Y Ku et al. (2003), Moss et al. (2006) 

69 LW-C1 Y Ku et al. (2003), Moss et al. (2006) 

70 LW-C1 N Ku et al. (2003), Moss et al. (2006) 

71 Nantou C7 Y Moss et al. (2006), Taiwan Ground Failure Database* 

72 Nantou C3 and C16 Y Moss et al. (2006), Taiwan Ground Failure Database* 

73 Yuanlin C2 Y Moss et al. (2006), Taiwan Ground Failure Database* 

74 Yuanlin C3 N Moss et al. (2006), Taiwan Ground Failure Database* 

75 Yuanlin C4 Y Moss et al. (2006), Taiwan Ground Failure Database* 

76 Yuanlin C19 Y Moss et al. (2006), Taiwan Ground Failure Database* 

77 Yuanlin C22 Y Moss et al. (2006), Taiwan Ground Failure Database* 

78 Yuanlin C24 Y Moss et al. (2006), Taiwan Ground Failure Database* 

79 Yuanlin C25 Y Moss et al. (2006), Taiwan Ground Failure Database* 

80 Yuanlin C32 Y Moss et al. (2006), Taiwan Ground Failure Database* 

81 Wufeng C10 Y Moss et al. (2006), Taiwan Ground Failure Database* 



No. Earthquake Site Liquefied? Source  

82 

1999                                    
Kocaeli 

Adapazari Site B Y Bay and Cox (2001), Moss et al. (2006) 

83 Adapazari Site C2 Y Bay and Cox (2001), Moss et al. (2006) 

84 Adapazari Site D Y Bay and Cox (2001), Moss et al. (2006) 

85 Adapazari Site G Y Bay and Cox (2001), Moss et al. (2006) 

86 Adapazari Site J Y Bay and Cox (2001), Moss et al. (2006) 

87 Hotel Sapanca SH-4 Y Bay and Cox (2001), Moss et al. (2006) 

88 Police Station Y Bay and Cox (2001), Moss et al. (2006) 

89 Soccer Field Y Bay and Cox (2001), Moss et al. (2006) 

90 Yalova Harbor Y Bay and Cox (2001), Moss et al. (2006) 

91 2008 Achaia-Elia K.Achaia SITE 1 Y Kayen et al. (2013), Batillas et al. (2014) 

92 

2011                                     
Great Tohoku 

Hinode Minami ES N Boulanger and Idriss (2014), Cox et al. (2013) 

93 Hosoyama Nekki N Boulanger and Idriss (2014), Cox et al. (2013) 

94 Takasu Chuou Park Y Boulanger and Idriss (2014), Cox et al. (2013) 

95 Takasu Kaihin Park Y Boulanger and Idriss (2014), Cox et al. (2013) 

96 Akemi ES N Boulanger and Idriss (2014), Cox et al. (2013) 

97 Hinode ES Y Boulanger and Idriss (2014), Cox et al. (2013) 

98 Irifune NS Y Boulanger and Idriss (2014), Cox et al. (2013) 

 

* Taiwan Ground Failure Database: website: https://apps.peer.berkeley.edu/lifelines/research_projects/3A02/index.html  

 

  



No. 
Critical 
depth  

(m) 

Depth of 
GWL  
(m) 

Mw 

(-) 
amax  
(g) 

σv0  
(kPa) 

σ’v0 
(kPa) 

rd  
(-) 

CSR 
(-) 

Cσ 

(-) 
Kσ 

(-) 
MSF 
(-) 

CSRM=7.5,σ’v=1atm 
(-) 

1 7.8-12.0 1.5 7.3 0.15 179.4 97.1 0.884 0.159 0.083 1.002 1.055 0.151 

2 5.5-7.5 1.5 7.3 0.15 116.5 67.6 0.935 0.157 0.079 1.031 1.055 0.144 

3 3.0-5.0 1.5 7.3 0.15 70.2 45.9 0.967 0.144 0.082 1.064 1.055 0.129 

4 3.4 1.1 8.0 0.64 63.6 41.0 0.987 0.636 0.188 1.100 0.876 0.661 

5 4.0-5.0 3.0 8.0 0.64 80.3 65.5 0.979 0.499 0.138 1.058 0.876 0.538 

6 4.4-5.8 1.5 8.0 0.64 95.7 60.4 0.975 0.643 0.120 1.060 0.876 0.692 

7 5.3-7.5 3.0 8.0 0.64 117.3 84.0 0.964 0.560 0.109 1.019 0.876 0.628 

8 4.5-6.0 2.2 8.0 0.64 96.9 67.0 0.974 0.586 0.121 1.049 0.876 0.638 

9 3.0-5.0 1.1 8.0 0.64 75.3 46.8 0.983 0.657 0.177 1.100 0.876 0.682 

10 6.5-9.5 1.5 8.0 0.64 152.4 88.1 0.950 0.684 0.117 1.015 0.876 0.769 

11 1.2-3.0 0.9 8.0 0.61 38.8 26.6 0.995 0.577 0.121 1.100 0.876 0.599 

12 7.2-8.2 3.5 8.0 0.26 137.5 98.3 0.953 0.225 0.129 1.002 0.876 0.257 

13 3.1-5.1 0.7 8.0 0.09 75.8 42.5 0.982 0.103 0.091 1.078 0.876 0.109 

14 4.5-5.3 1.0 8.0 0.08 89.6 51.6 0.976 0.088 0.081 1.053 0.876 0.096 

15 2.8-3.8 1.0 8.0 0.08 59.7 37.1 0.988 0.083 0.085 1.084 0.876 0.087 

16 3.0-5.5 2.0 6.5 0.18 74.7 52.8 0.946 0.157 0.103 1.066 1.301 0.113 

17 1.5-4.0 1.5 6.5 0.51 47.8 35.5 0.971 0.433 0.105 1.100 1.301 0.303 

18 2.6-5.2 2.7 6.5 0.13 65.9 54.5 0.952 0.097 0.105 1.064 1.301 0.070 

19 3.7-6.7 0.9 6.5 0.17 98.7 56.5 0.930 0.179 0.126 1.072 1.301 0.129 

20 2.0-4.3 1.8 6.5 0.50 49.3 38.0 0.964 0.406 0.300 1.100 1.301 0.284 

21 2.5-4.6 2.0 6.5 0.50 56.7 41.5 0.958 0.425 0.100 1.088 1.301 0.301 

22 2.0-5.5 2.0 5.9 0.17 72.5 50.4 0.943 0.150 0.103 1.071 1.521 0.092 

23 1.5-5.2 1.5 5.9 0.09 57.3 39.2 0.951 0.081 0.110 1.100 1.521 0.049 

24 2.8-5.8 2.7 5.9 0.19 73.5 58.2 0.931 0.145 0.102 1.055 1.521 0.091 

25 2.7-6.7 0.9 5.9 0.23 89.3 51.9 0.922 0.237 0.126 1.083 1.521 0.144 

26 2.0-4.3 2.0 5.9 0.02 49.3 38.0 0.955 0.016 0.300 1.100 1.521 0.010 



No. 
Critical 
depth  

(m) 

Depth of 
GWL  
(m) 

Mw 

(-) 
amax  
(g) 

σv0  
(kPa) 

σ’v0 
(kPa) 

rd  
(-) 

CSR 
(-) 

Cσ 

(-) 
Kσ 

(-) 
MSF 
(-) 

CSRM=7.5,σ’v=1atm 
(-) 

27 2.5-4.6 2.0 5.9 0.02 56.7 41.5 0.947 0.017 0.100 1.088 1.521 0.010 

28 1.5-4.0 1.6 6.9 0.30 49.8 38.0 0.976 0.249 0.131 1.100 1.172 0.193 

29 3.7-6.7 0.9 6.2 0.17 98.7 56.5 0.920 0.177 0.126 1.072 1.407 0.118 

30 2.7-6.1 2.0 6.2 0.11 72.4 48.9 0.936 0.099 0.104 1.074 1.407 0.066 

31 3.7-6.7 0.9 6.6 0.21 98.7 56.5 0.932 0.222 0.126 1.072 1.267 0.163 

32 2.5-6.0 2.5 6.6 0.15 67.4 50.2 0.948 0.124 0.104 1.072 1.267 0.091 

33 2.7-6.1 2.0 6.6 0.11 72.4 48.9 0.946 0.100 0.104 1.074 1.267 0.074 

34 2.0-4.3 2.0 6.6 0.18 49.3 38.0 0.966 0.147 0.300 1.100 1.267 0.105 

35 2.0-4.6 2.0 6.6 0.18 52.1 39.3 0.964 0.149 0.100 1.094 1.267 0.108 

36 2.4-4.6 2.7 7.0 0.25 56.4 48.6 0.968 0.183 0.103 1.074 1.141 0.149 

37 6.2-7.0 2.7 7.0 0.25 123.9 85.6 0.921 0.217 0.258 1.040 1.141 0.183 

38 4.7-7.1 3.5 7.0 0.28 103.4 79.8 0.933 0.220 0.103 1.023 1.141 0.188 

39 7.2-7.8 5.0 7.0 0.31 127.5 103.0 0.906 0.226 0.095 0.997 1.141 0.199 

40 6.8-9.4 5.6 7.0 0.28 150.9 121.5 0.896 0.203 0.106 0.979 1.141 0.181 

41 6.2-7.0 6.2 7.0 0.28 113.4 109.5 0.921 0.174 0.152 0.986 1.141 0.154 

42 5.1-8.8 3.5 7.0 0.28 124.5 90.9 0.916 0.228 0.107 1.010 1.141 0.198 

43 2.4-3.1 2.4 7.0 0.26 46.4 42.9 0.978 0.178 0.112 1.095 1.141 0.143 

44 7.0-8.5 1.8 7.0 0.28 144.5 86.2 0.902 0.275 0.122 1.018 1.141 0.237 

45 6.5-7.8 3.4 7.0 0.18 126.9 90.3 0.912 0.150 0.093 1.009 1.141 0.130 

46 3.1-4.5 2.1 7.0 0.18 67.0 50.3 0.964 0.150 0.092 1.063 1.141 0.124 

47 7.0-7.9 3.0 7.0 0.18 137.8 94.1 0.907 0.155 0.087 1.005 1.141 0.135 

48 2.3-3.1 1.8 7.0 0.17 45.9 37.1 0.978 0.134 0.089 1.088 1.141 0.108 

49 2.9-4.7 1.9 7.0 0.25 66.5 47.9 0.964 0.218 0.100 1.074 1.141 0.178 

50 7.6-9.8 2.0 7.0 0.25 148.6 86.8 0.886 0.246 0.109 1.015 1.141 0.213 

51 2.5-3.4 2.5 7.0 0.25 46.7 43.2 0.975 0.171 0.096 1.080 1.141 0.139 

52 6.4-7.4 6.4 7.0 0.12 114.0 110.0 0.916 0.074 0.115 0.989 1.141 0.066 



No. 
Critical 
depth  

(m) 

Depth of 
GWL  
(m) 

Mw 

(-) 
amax  
(g) 

σv0  
(kPa) 

σ’v0 
(kPa) 

rd  
(-) 

CSR 
(-) 

Cσ 

(-) 
Kσ 

(-) 
MSF 
(-) 

CSRM=7.5,σ’v=1atm 
(-) 

53 4.5-12.2 1.4 7.0 0.14 148.2 80.0 0.892 0.150 0.100 1.022 1.141 0.129 

54 6.8-8.0 4.9 7.0 0.30 123.4 99.0 0.925 0.225 0.083 1.001 1.141 0.197 

55 7.0-9.7 3.0 7.0 0.30 155.4 99.9 0.892 0.270 0.113 1.000 1.141 0.237 

56 5.5-8.5 4.7 7.0 0.30 122.4 99.8 0.915 0.219 0.094 1.000 1.141 0.192 

57 6.0-7.3 4.2 7.0 0.31 110.4 86.4 0.921 0.237 0.100 1.015 1.141 0.205 

58 7.4-8.0 4.8 7.0 0.31 131.9 103.5 0.903 0.232 0.096 0.997 1.141 0.204 

59 3.7-4.5 2.4 7.0 0.29 70.7 54.0 0.960 0.237 0.091 1.056 1.141 0.196 

60 3.4-4.7 2.4 7.0 0.29 69.8 53.6 0.960 0.236 0.087 1.055 1.141 0.196 

61 2.8-3.7 0.8 7.0 0.17 60.3 36.3 0.971 0.178 0.087 1.089 1.141 0.144 

62 6.0-7.5 5.3 7.0 0.30 114.4 100.2 0.919 0.205 0.100 1.000 1.141 0.179 

63 4.2-6.8 4.2 7.0 0.15 92.3 79.5 0.939 0.106 0.092 1.021 1.141 0.091 

64 2.6-4.0 1.2 7.0 0.25 55.7 35.1 0.970 0.250 0.114 1.100 1.141 0.199 

65 2.5 ?? 7.6 0.79 46.3 36.3 0.988 0.646 0.082 1.083 0.974 0.613 

66 2.5-3.5 ?? 7.6 0.43 55.6 45.6 0.983 0.334 0.088 1.069 0.974 0.320 

67 10.35 ?? 7.6 0.43 191.5 108.0 0.898 0.443 0.137 0.989 0.974 0.460 

68 2.5-7.5 ?? 7.6 0.19 93.3 51.7 0.964 0.217 0.097 1.064 0.974 0.209 

69 3.5-6.5 ?? 7.6 0.12 96.3 57.6 0.964 0.129 0.088 1.049 0.974 0.127 

70 9.5-11.6 ?? 7.6 0.12 198.9 104.7 0.896 0.136 0.114 0.995 0.974 0.141 

71 2.5-4.5 1.0 7.6 0.38 63.5 39.0 0.979 0.394 0.086 1.081 0.974 0.374 

72 12.0-16.0 1.0 7.6 0.38 263.0 135.5 0.847 0.406 0.084 0.974 0.974 0.428 

73 2.5-4.0 0.6 7.6 0.25 60.1 33.7 0.981 0.284 0.094 1.100 0.974 0.265 

74 10.0-13.0 1.8 7.6 0.25 218.9 123.6 0.883 0.254 0.084 0.982 0.974 0.265 

75 3.0-6.0 0.7 7.6 0.25 83.5 45.9 0.969 0.287 0.106 1.083 0.974 0.272 

76 4.0-5.8 0.6 7.6 0.25 121.8 63.6 0.965 0.300 0.092 1.042 0.974 0.296 

77 2.8-4.2 1.1 7.6 0.25 63.1 39.9 0.979 0.252 0.095 1.087 0.974 0.238 

78 5.2-7.8 1.2 7.6 0.25 114.2 65.2 0.947 0.270 0.099 1.043 0.974 0.266 



No. 
Critical 
depth  

(m) 

Depth of 
GWL  
(m) 

Mw 

(-) 
amax  
(g) 

σv0  
(kPa) 

σ’v0 
(kPa) 

rd  
(-) 

CSR 
(-) 

Cσ 

(-) 
Kσ 

(-) 
MSF 
(-) 

CSRM=7.5,σ’v=1atm 
(-) 

79 9.5-12.0 3.5 7.6 0.25 193.7 122.8 0.893 0.229 0.113 0.977 0.974 0.241 

80 4.5-7.5 0.7 7.6 0.25 111.8 60.2 0.953 0.288 0.099 1.050 0.974 0.281 

81 2.5-7.0 1.0 7.6 0.60 87.3 50.5 0.966 0.652 0.093 1.064 0.974 0.629 

82 3.3-4.3 3.3 7.4 0.40 60.4 55.5 0.972 0.275 0.105 1.062 1.027 0.252 

83 3.3-4.8 0.4 7.4 0.40 73.6 38.2 0.969 0.486 0.094 1.091 1.027 0.434 

84 1.8-2.5 1.5 7.4 0.40 35.3 28.9 0.989 0.314 0.087 1.100 1.027 0.278 

85 1.5-2.7 0.5 7.4 0.40 37.5 21.3 0.989 0.453 0.076 1.100 1.027 0.401 

86 1.5-3.5 0.6 7.4 0.40 44.5 30.2 0.985 0.378 0.090 1.100 1.027 0.334 

87 1.2-2.0 0.5 7.4 0.37 28.1 17.3 0.994 0.388 0.081 1.100 1.027 0.343 

88 1.8-2.8 1.0 7.4 0.32 39.6 26.8 0.987 0.303 0.088 1.100 1.027 0.268 

89 1.2-2.4 1.0 7.4 0.32 30.3 22.5 0.992 0.278 0.088 1.100 1.027 0.246 

90 3.0-4.5 1.0 7.4 0.23 63.6 39.4 0.972 0.235 0.098 1.091 1.027 0.209 

91 6.7-9.8 0.4 6.5 0.33 156.8 78.3 0.868 0.373 0.118 1.029 1.301 0.278 

92 4.0-5.6 1.1 9.0 0.17 89.0 53.0 1.005 0.187 0.138 1.088 0.669 0.256 

93 3.8-4.6 2.5 9.0 0.18 76.0 60.0 1.005 0.149 0.096 1.049 0.669 0.212 

94 6.3-7.3 1.1 9.0 0.21 127.0 71.0 1.006 0.246 0.108 1.037 0.669 0.354 

95 8.4-9.6 1.3 9.0 0.22 169.0 93.0 1.005 0.261 0.105 1.008 0.669 0.387 

96 7.5-14.0 1.2 9.0 0.17 189.0 102.0 1.004 0.206 0.100 0.998 0.669 0.308 

97 2.0-3.6 1.2 9.0 0.20 51.0 36.0 1.005 0.185 0.104 1.100 0.669 0.251 

98 5.5-7.1 1.6 9.0 0.26 117.0 71.0 1.006 0.280 0.092 1.031 0.669 0.406 

 

  



No. 
VS  

(m/s) 
VS1  

(m/s) 
qc  

(MPa) 
fs  

(kPa) 
FR 
(%) 

qc1 
(MPa) 

CN  
(-) 

qc1N 
(-) 

qc1Ncs 
(-) 

1 132 133 1.34 10.2 0.76 1.37 1.02 13.6 69.2 

2 92 101 0.54 7.4 1.37 0.77 1.26 6.8 62.9 

3 125 152 0.64 8.1 1.28 1.16 1.58 10.1 66.7 

4 239 299 12.00 128.4 1.07 16.26 1.40 167.7 167.7 

5 393 437 9.31 98.7 1.06 12.58 1.20 111.9 132.2 

6 191 217 7.68 66.1 0.86 12.37 1.27 97.2 115.3 

7 173 181 4.27 66.6 1.56 5.68 1.09 46.5 103.8 

8 187 207 9.08 76.2 0.84 10.37 1.20 109.4 116.5 

9 181 219 12.06 100.6 0.83 17.16 1.34 161.5 161.5 

10 148 153 4.95 93.0 1.88 5.86 1.06 52.6 111.8 

11 157 219 3.91 53.4 1.36 6.65 1.70 66.5 115.9 

12 267 268 10.26 96.8 0.94 10.88 1.01 103.4 124.4 

13 191 237 1.44 25.6 1.78 2.62 1.59 23.0 80.7 

14 115 136 0.59 14.7 2.50 0.97 1.47 8.7 65.3 

15 125 160 0.97 8.8 0.91 1.93 1.70 16.5 72.0 

16 84 98 3.14 30.3 0.96 4.38 1.38 43.5 95.7 

17 124 160 2.69 30.6 1.13 4.61 1.68 45.2 98.8 

18 101 117 2.80 68.6 2.45 3.65 1.36 38.0 98.1 

19 116 134 5.14 76.9 1.50 6.45 1.30 66.6 121.4 

20 160 204 18.71 225.8 1.21 25.84 1.30 244.1 244.1 

21 118 147 2.80 19.8 0.71 4.51 1.58 44.1 91.9 

22 83 98 3.23 28.5 0.88 4.61 1.41 45.7 96.2 

23 102 129 3.31 37.2 1.13 5.29 1.58 52.3 104.5 

24 102 117 2.57 71.5 2.78 3.20 1.32 33.9 94.2 

25 113 134 5.13 70.7 1.38 6.80 1.35 69.1 121.6 

26 160 204 18.71 225.8 1.21 25.84 1.30 244.1 244.1 



No. 
VS  

(m/s) 
VS1  

(m/s) 
qc  

(MPa) 
fs  

(kPa) 
FR 
(%) 

qc1 
(MPa) 

CN  
(-) 

qc1N 
(-) 

qc1Ncs 
(-) 

27 118 147 2.80 19.8 0.71 4.51 1.58 44.1 91.9 

28 97 123 4.97 68.7 1.38 7.54 1.54 76.4 126.3 

29 116 134 5.14 76.9 1.50 6.45 1.30 66.6 121.4 

30 82 98 3.23 28.5 0.88 4.61 1.44 46.4 96.7 

31 116 134 5.14 76.9 1.50 6.45 1.30 66.6 121.4 

32 99 117 2.57 71.5 2.78 3.20 1.42 36.4 97.0 

33 82 98 3.23 28.5 0.88 4.61 1.44 46.4 96.7 

34 160 204 18.71 225.8 1.21 25.84 1.30 244.1 244.1 

35 125 159 2.80 19.8 0.71 4.51 1.62 45.3 92.5 

36 122 146 6.60 33.5 0.51 10.18 1.44 95.3 95.3 

37 165 172 18.83 56.9 0.30 20.99 1.05 198.2 198.2 

38 172 182 4.82 33.2 0.69 5.56 1.12 54.0 96.3 

39 168 166 4.45 22.3 0.50 4.36 0.98 43.8 85.7 

40 142 135 7.19 48.5 0.67 6.33 0.91 65.2 99.2 

41 170 166 14.93 103.8 0.70 14.21 0.96 143.8 143.8 

42 183 187 7.87 53.7 0.68 8.33 1.05 82.5 101.0 

43 124 153 3.70 41.2 1.11 5.90 1.51 55.7 106.7 

44 153 159 8.30 74.7 0.90 8.98 1.07 88.9 117.9 

45 178 182 5.67 25.4 0.45 6.10 1.06 59.9 83.3 

46 105 125 1.86 15.5 0.83 3.02 1.45 27.0 81.1 

47 180 182 6.89 26.1 0.38 7.21 1.03 71.3 74.6 

48 105 135 2.61 8.2 0.31 5.22 1.70 44.4 76.8 

49 122 147 5.94 34.2 0.58 8.98 1.46 86.8 92.5 

50 146 151 4.53 54.2 1.20 4.90 1.07 48.6 102.9 

51 123 151 5.49 26.2 0.48 9.40 1.56 85.6 86.6 

52 161 158 5.53 90.8 1.64 5.31 0.96 52.9 110.5 



No. 
VS  

(m/s) 
VS1  

(m/s) 
qc  

(MPa) 
fs  

(kPa) 
FR 
(%) 

qc1 
(MPa) 

CN  
(-) 

qc1N 
(-) 

qc1Ncs 
(-) 

53 136 144 4.00 28.0 0.70 4.55 1.12 44.9 92.6 

54 157 158 4.79 12.2 0.25 4.83 1.01 48.2 68.5 

55 147 148 4.79 92.4 1.93 4.80 1.00 47.9 107.3 

56 129 129 7.13 34.9 0.49 7.13 1.00 71.4 84.1 

57 158 164 3.89 31.5 0.81 4.27 1.08 41.9 92.4 

58 164 163 8.74 41.9 0.48 8.54 0.98 85.8 86.5 

59 106 124 5.73 19.9 0.35 8.93 1.40 80.2 80.2 

60 107 125 5.28 15.9 0.30 8.38 1.42 74.9 74.9 

61 125 161 1.33 7.0 0.53 2.67 1.70 22.6 75.0 

62 144 144 3.95 37.5 0.95 3.95 1.00 39.5 92.3 

63 145 154 3.84 15.8 0.41 4.56 1.13 43.5 81.9 

64 117 152 6.60 20.0 0.30 11.22 1.65 109.0 109.0 

65 81 104 1.27 1.2 0.10 2.16 1.70 21.6 66.8 

66 110 134 1.21 23.5 1.95 2.02 1.55 18.7 76.3 

67 210 206 11.32 114.0 1.01 10.98 0.97 109.5 131.9 

68 139 164 2.72 19.5 0.72 4.13 1.41 38.5 88.9 

69 123 141 1.98 6.9 0.35 3.11 1.36 27.0 75.6 

70 196 194 7.58 60.2 0.79 7.42 0.98 74.1 108.8 

71 161 204 1.16 6.6 0.57 2.31 1.70 19.7 73.5 

72 183 170 1.51 29.6 1.96 1.21 0.84 12.7 70.2 

73 157 206 2.48 12.2 0.49 4.95 1.70 42.2 84.2 

74 200 190 7.90 23.7 0.30 6.74 0.89 70.0 70.2 

75 146 177 2.99 38.8 1.30 4.60 1.48 44.1 99.6 

76 145 162 2.06 22.2 1.08 2.78 1.28 26.3 82.0 

77 118 149 2.72 12.6 0.46 5.17 1.63 44.4 85.3 

78 158 176 3.87 23.3 0.60 5.33 1.25 48.3 91.5 



No. 
VS  

(m/s) 
VS1  

(m/s) 
qc  

(MPa) 
fs  

(kPa) 
FR 
(%) 

qc1 
(MPa) 

CN  
(-) 

qc1N 
(-) 

qc1Ncs 
(-) 

79 97 92 7.74 61.7 0.80 6.83 0.91 70.1 107.6 

80 143 162 3.39 21.0 0.62 4.83 1.30 44.2 90.3 

81 135 160 1.70 37.0 2.18 2.52 1.45 24.6 83.1 

82 185 214 3.94 30.3 0.77 5.77 1.34 53.0 98.0 

83 128 162 1.74 18.0 1.03 3.22 1.67 29.1 84.4 

84 145 198 1.40 7.3 0.58 3.54 1.70 23.7 73.9 

85 98 144 2.52 8.0 0.32 5.03 1.70 42.8 58.0 

86 100 135 1.52 12.8 0.85 3.04 1.70 25.8 79.0 

87 115 173 0.95 4.3 0.45 3.25 1.70 16.2 65.3 

88 95 132 1.15 21.6 1.89 2.29 1.70 19.6 76.3 

89 85 123 1.30 15.2 1.17 2.97 1.70 22.1 76.1 

90 160 202 5.47 23.2 0.42 9.49 1.63 89.1 89.1 

91 180 191 5.40 66.7 1.24 6.03 1.12 60.6 113.4 

92 119 139 10.10 82.0 0.81 13.33 1.32 132.9 132.9 

93 187 213 6.60 29.0 0.44 8.92 1.31 86.5 86.6 

94 133 144 6.70 46.0 0.69 7.97 1.18 79.4 101.5 

95 147 150 9.50 45.0 0.47 9.88 1.04 98.5 98.5 

96 143 142 8.30 48.0 0.58 8.22 0.99 82.2 92.7 

97 84 108 3.40 24.0 0.71 5.78 1.67 56.9 97.7 

98 114 124 2.00 28.0 1.40 2.44 1.20 24.1 80.9 

 



 

 

 

 

 

 

APPENDIX 3 

 

Liquefaction dataset used for verification, Canterbury Earthquake 

Sequence 



No. Earthquake Site Liq.? 
Vs1 

(m/s) 
qc1Ncs  

(-) 
CSRM=7.5,σ’v=1atm 

(-) 

FS  
(Kayen et 
al. 2003) 

FS  
(Idriss and 

Boulanger 2008) 

FS  
(Bán et 

al. 2016) 

EI  
(Kayen et 
al. 2003) 

EI  
(Idriss and 

Boulanger 2008) 

EI  
(Bán et 

al. 2016) 

1 
D

ar
fi

el
d

 
SHY-09 N 159 71.6 0.156 0.783 0.712 0.387 0.109 0.144 0.306 

2 AVD-07 N 131 62.1 0.135 0.648 0.787 0.303 0.176 0.107 0.349 

3 BUR 46 Y 129 86.7 0.157 0.551 0.819 0.382 0 0 0 

4 CBD21 N 128 59.9 0.151 0.574 0.711 0.261 0.213 0.145 0.369 

5 FND 01 Y 154 71.9 0.165 0.683 0.701 0.364 0 0 0 

6 KAN 03 Y 132 43.1 0.214 0.418 0.391 0.129 0 0 0 

7 KAN 05 Y 145 70.1 0.179 0.544 0.632 0.297 0 0 0 

8 KAN 09 Y 153 56.8 0.208 0.545 0.495 0.225 0 0 0 

9 KAN 19 Y 162 117.4 0.243 0.530 0.882 0.751 0 0 0 

10 KAN 23 Y 136 127.2 0.241 0.374 0.985 0.714 0 0 0 

11 KAN 26 Y 140 94.1 0.237 0.427 0.639 0.354 0 0 0 

12 KAN 28 Y 168 71.0 0.191 0.720 0.635 0.374 0 0 0 

13 KAS 11 Y 181 79.4 0.185 0.912 0.741 0.532 0 0 0 

14 KAS 20 Y 137 41.7 0.164 0.580 0.482 0.165 0 0 0 

15 SNB 01 Y 140 89.0 0.134 0.838 1.088 0.576 0 0.088 0 

16 NBT 02 Y 142 77.3 0.146 0.659 0.800 0.389 0 0 0 

17 NBT 03 Y 108 76.8 0.139 0.519 0.802 0.281 0 0 0 

18 RCH 14 N 176 35.1 0.137 1.064 0.505 0.236 0 0.248 0.382 

19 Z1-3 Y 146 96.8 0.204 0.502 0.740 0.446 0 0 0 

20 Z2-4 N 187 122.7 0.198 1.173 1.154 1.308 0 0 0 

21 Z2-6 N 171 99.5 0.150 1.186 1.163 0.912 0 0 0.044 

22 Z4-4 N 198 98.4 0.154 1.609 1.098 1.101 0 0 0 

 

 

 



No. Earthquake Site Liq.? 
Vs1 

(m/s) 
qc1Ncs  

(-) 
CSRM=7.5,σ’v=1atm 

(-) 

FS  
(Kayen et 
al. 2003) 

FS  
(Idriss and 

Boulanger 2008) 

FS  
(Bán et 

al. 2016) 

EI  
(Kayen et 
al. 2003) 

EI  
(Idriss and 

Boulanger 2008) 

EI  
(Bán et 

al. 2016) 

23 
C

h
ri

st
ch

u
rc

h
 

SHY-09 Y 159 71.6 0.224 0.517 0.497 0.270 0 0 0 

24 AVD-07 Y 131 62.1 0.228 0.361 0.466 0.179 0 0 0 

25 BUR 46 Y 129 86.7 0.231 0.354 0.558 0.261 0 0 0 

26 CBD21 Y 128 59.9 0.242 0.329 0.419 0.154 0 0 0 

27 FND 01 Y 154 71.9 0.246 0.432 0.471 0.245 0 0 0 

28 KAN 03 N 132 43.1 0.133 0.635 0.629 0.208 0.183 0.185 0.396 

29 KAN 05 Y 145 70.1 0.112 0.811 1.008 0.474 0 0.008 0 

30 KAN 09 N 153 56.8 0.127 0.840 0.814 0.370 0.080 0.093 0.315 

31 KAN 19 N 162 117.4 0.151 0.799 1.423 1.212 0.101 0 0 

32 KAN 23 N 136 127.2 0.160 0.523 1.481 1.074 0.239 0 0 

33 KAN 26 Y 145 61.3 0.102 0.930 1.045 0.456 0 0.045 0 

34 KAN 28 Y 168 71.0 0.118 1.098 1.029 0.607 0.098 0.029 0 

35 KAS 11 Y 181 79.4 0.128 1.243 1.073 0.770 0.243 0.073 0 

36 KAS 20 Y 137 41.7 0.105 0.855 0.754 0.258 0 0 0 

37 SNB 01 Y 140 89.0 0.215 0.496 0.677 0.358 0 0 0 

38 NBT 02 Y 142 77.3 0.233 0.389 0.503 0.244 0 0 0 

39 NBT 03 Y 108 76.8 0.216 0.309 0.517 0.181 0 0 0 

40 RCH 14 Y 176 35.1 0.196 0.692 0.353 0.165 0 0 0 

41 Z1-3 Y 146 96.8 0.326 0.295 0.463 0.279 0 0 0 

42 Z2-4 Y 187 122.7 0.330 0.664 0.693 0.785 0 0 0 

43 Z2-6 Y 171 99.5 0.246 0.679 0.706 0.554 0 0 0 

44 Z4-4 Y 198 98.4 0.252 0.926 0.670 0.672 0 0 0 

 


