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ABSTRACT 

 

THE ASSESSMENT OF SEISMIC LIQUEFACTION TRIGGERING OF 

GRAVELLY SOILS  

 

 

 

ķahin, Arda 

Master of Science, Civil Engineering 

Supervisor : Prof. Dr. Kemal ¥nder ¢etin 

 

 

 

June 2023, 402 pages 

 

 

Gravelly soils had been considered to be non-liquefiable due to their high capacity 

for pore pressure dissipation, resulting from their larger grain size. Case histories 

from recent earthquakes have produced the evidence that gravelly soils are 

susceptible to seismic soil liquefaction triggering. Even though one of the first case 

histories for gravelly soil liquefaction was dated back to 1964 Alaska Earthquake, 

significant number of gravelly soil liquefaction case histories were reported during 

2008 Wenchuan Earthquake. Within the scope of this thesis, available gravelly soil 

liquefaction case histories are compiled and assessed leading to a high quality 

database, where the resistance term is selected from site investigation index measures 

of Standard Penetration Test (SPT) blowcounts, N1,60,  Cone Penetration Test (CPT) 

tip resistance, qc, shear wave velocity, Vs, Dynamic Penetration Test (DPT) 

blowcounts, N120, etc. Due to limited number of case histories with other site 

investigation indices, the resulting database included only the case histories with N120 

and/or Vs. The database summarizes the significant parameters including  effective 

grain sizes (D50 and D30) along with the gravel content (GC) by dry mass for the 
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identified critical layer. In order to estimate the Peak Ground Acceleration (PGA) 

values, ShakeMaps, in conjunction with site amplification factors, are used. The 

resulting database is used to develop a reliability-based models for the assessment of 

seismic liquefaction triggering of gravelly soils.  

Keywords: Liquefaction, Gravelly soils, Earthquake, Dynamic Penetration Test, 

Shear Wave Velocity 
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¥Z 

 

¢AKILLI ZEMĶNLERĶN SĶSMĶK ZEMĶN SIVILAķMASI TETĶKLENME 

DEĴERLENDĶRLMESĶ 

 

 

 

ķahin, Arda 

Y¿ksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Yºneticisi: Prof. Dr. Kemal ¥nder ¢etin 

 

 

 

Haziran 2023, 402 sayfa 

 

¢akēllē zeminler, iri dane boyutlarēnēn sebep olduĵu y¿ksek ge­irimlilikleri esas 

alēnarak sēvēlaĸamaz olarak kabul edilmiĸlerdi. Yakēn dºnem depremlerinden 

derlenen vaka ºrnekleri, ­akēllē zeminlerin sismik sēvēlaĸma tetiklenmesine maruz 

kalabildiklerini ortaya koydu. ¢akēllarēn sēvēlaĸtēĵēnē belgeleyen ilk vaka 

ºrneklerinden birisi 1964 Alaska Depremine kadar uzansa da, ºzellikle 2008 

Wenchuan depremi sonrasē ºnemli sayēda vaka ºrneĵi raporlanmēĸtēr. Bu tez 

kapsamēnda, literat¿rden ­akēllē zeminlerin sismik sēvēlaĸma tetiklenmelerini 

belgeleyen vaka ºrnekleri derlenmiĸ, veriler iĸlenerek y¿ksek kaliteli bir veri tabanē 

oluĸturulmuĸtur. Veritabanēndaki vaka ºrneklerinde diren­ terimi, yaygēn olarak 

kullanēlan saha araĸtērmalarē indis parametrelerinden Standart Penetrasyon Deneyi 

(SPT) darbe sayēsē N1,60, Koni Penetraston Deneyi (CPT) u­ direnci qc, kayma dalga 

hēzē, Vs, Dinamik Penetrasyon Deneyi (DPT) darbe sayēsē, N120, vb. olarak 

se­ilmiĸtir. Bu indis parametrelerinden yetersiz sayēda olanlarē dēĸarēda bērakēlarak 

nihai veritabanē N120 ve/veya Vs verilerinin olduĵu vakalardan oluĸturulmuĸtur. Veri 

tabanē, etkin dane ­aplarē, (D50 ve D30), kuru k¿tle esas alēnarak hesaplanmēĸ ­akēl 

oranē (GC) vb. ºnemli parametreleri ºzetlemektedir. En y¿ksek ivme (PGA) 
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deĵerlerini belirlemek ¿zere, saha b¿y¿tme katsayēlarē, Birleĸik Devletler Jeolojik 

Araĸtērmalar (USGS) sarsēntē haritalarē (ShakeMaps) ile birlikte kullanēlmēĸtēr. Nihai 

veri tabanē kullanēlarak, ­akēllarēn sismik sēvēlaĸma tetiklenme olasēlēĵēnē belirlemek 

¿zere tahmin modelleri geliĸtirilmiĸtir.  

Anahtar Kelimeler: Sēvēlaĸma, ¢akēllē Zeminler, Deprem, Dinamik Penetrasyon 

Deneyi, Kayma Dalga Hēzē 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Research Approach 

Soil liquefaction can be defined as the loss of shear strength and stiffness due to 

increased excess pore pressure induced by cyclic loading. In addition to monotonic 

loading, this phenomenon is triggered by also rapid and repetitive loads, which can 

be caused by earthquake-related loads or vibratory machinery. Such loading causes 

saturated soils to liquefy. The groundwater within the soil voids experiences an 

increase in pressure due to the rapid cyclic loading, resulting in a decrease in 

effective stress. Consequently, the soil skeleton begins to move independently, and 

lose its capacity to resist the loads applied by the structure. Figure 1.1 is showing the 

mechanism of liquefaction phenomenon.  

   

a) b) c) 

Figure 1.1. Schematic view of a) in static loading condition, b) forces acting on 

static loading condition, and c) liquefied soil matrix 

The recognition of the devastating consequences of seismic soil liquefaction in 

geotechnical engineering began with two severe earthquakes: the 1964 Alaska 

Earthquake (Mw = 9.2) and the 1964 Niigata Earthquake (Mw = 7.7). Subsequently, 

researchers, starting with Seed and Idriss (1971), and later Seed et al. (1984, 1985), 

initiated the development of deterministic empirical correlations to estimate the 
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initiation of seismic soil liquefaction (Youd and Noble, 1997; Cetin, 2000; Cetin et 

al. 2004, 2018a; Moss et al., 2006; Idriss and Boulanger, 2004, 2010; Boulanger and 

Idriss, 2012, 2014, Kayen et al., 2013; etc.) using various indices from site 

investigation methods. Furthermore, to address the need for risk assessment analysis, 

many researchers have proposed probabilistic liquefaction triggering relationships 

(Youd and Noble, 1997; Cetin, 2000; Cetin et al. 2004, 2018a; Moss et al., 2006; 

Boulanger and Idriss, 2012, 2014; Rollins et al. 2021, 2022; Pirhadi et al., 2022; 

etc.). 

These correlations were developed based on case histories,  documented as part of 

reconnaissance studies of earthquakes. These field studies involve investigating the 

performance of the foundations, including excessive settlement, tilting or top-off of 

the structure, as well as assessing the performance of industrial facilities, dams, ports 

and other structures. Additionally, the reconnaissance groups examine surface 

manifestations in the free field, such as soil ejectas, lateral spreading, and excessive 

settlements. The sites are classified as either 'liquefied' or 'non-liquefied' and 

documented, providing valuable data for future researchers to establish the boundary 

for differentiating seismic soil liquefaction triggering. 

After completion of the reconnaissance efforts, a series of site investigations (e.g. 

Standard Penetration Test (SPT), Cone Penetration Test (CPT), Shear Wave 

Velocity (Vs), Dynamic Penetration Test (DPT), Large Penetration Test (LPT), 

Becker Penetration Test (BPT), etc.) are conducted to assess the soilôs capacity to 

resist seismic soil liquefaction. These investigations, combined with the 

reconnaissance and field studies, contribute to the compilation of a database of field 

case histories, enabling the assessment of seismic soil liquefaction initiation. 

Until the mid-2000s, gravelly soils were generally considered to have a relatively 

low probability of liquefaction due to their high excess pore water dissipation 

capacity, attributed to their larger grain size. However, following the 2008 

Wenchuan Earthquake (Mw = 7.9), a significant number of case histories emerged, 

highlighting the liquefaction triggering potential of gravelly soils. Both man-made 
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fills (2016 Kaikoura EQ, Mw=7.8) and natural deposits (2008 Wenchuan EQ, 

Mw=7.9) have experienced gravelly soil liquefaction. Surface manifeastations 

observed during these earthquakes are shown in Figure 1.2. 

   

a) b) c) 

Figure 1.2. Surface manifestation observed in a, b) 2016 Kaikoura EQ, Mw=7.8 

(Cubrinovski et al., 2018), and c) 2008 Wenchuan EQ, Mw=7.9 (Cao et al., 2013 

Consequently, recent developments in probabilistic seismic soil liquefaction 

triggering models have been made (Cao et al., 2013; Rollins et al., 2021 and 2022; 

Pirhadi et al., 2022). 

It was observed that due to their larger grain sizes, conventional site investigation 

methods, such as Standard Penetration Test (SPT) and Cone Penetration Test (CPT), 

yield biased indices for assessing the resistance of gravelly soils against liquefaction 

triggering. Therefore, alternative approaches are developed to accurately assess the 

capacity of gravelly soils. One approach to address this issue is to use larger-scale 

samplers, such as the ones used in Large Penetration Test (LPT) or Becker 

Penetration Test (BPT), which help to mitigate the device-grain size problems. 

However, these specialized tools may not always be available or economically 

feasible. Another relatively more economical method, developed in China during the 

1950s, is the Dynamic Penetration Test (DPT), which is used to determine the 

bearing capacity of gravelly soils. Additionally, many researchers have suggested 

using shear wave velocity measurements (Vs) as another in-situ test to overcome 

these challenges. 

Although the literature discusses various approaches to represent the capacity of 

gravelly soils, this thesis aims to provide a case history dataset for gravelly soils, 
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irrespective of the specific site investigation method. The dataset will include raw 

data from site investigation efforts, as well as grain size distribution characteristics 

such as mean grain size (D50), fines content (FC), gravel content (GC), and 

coefficient of uniformity (Cu). It is important to note that, due to the relatively large 

grain size of gravelly soils, the influence of grain size characteristics on liquefaction 

resistance is to be assessed. Moreover, utilizing the resulting comprehensive 

database of field case histories, a probabilistic seismic soil liquefaction assessment 

procedure is proposed. 

1.2 Organization of the Thesis 

The thesis scope and outline is organized as follows: 

After this introduction, Chapter 2 presents a summary of the studies regarding 

seismic soil liquefaction behavior of gravelly soils, compiled from existing literature. 

The chapter includes a discussion of the parameters involved in existing liquefaction 

triggering models for gravelly soils. 

Within Chapter 3, a database protocol is introduced, which is consistently used to 

assess the field case histories. A set of criteria is used in this evaluation process, and 

the ideas behind the selection of these criteria are discussed. The raw data and the 

parameters developed by the screening process are presented in the Appendix. 

Chapter 4 presents the database through a set of statistical measures. The mean and 

their scatter are presented to highlight the unbiased nature and suitability of the 

resulting database for developing engineering models. 

Chapter 5 discusses the proposed seismic soil liquefaction triggering models, which 

are developed by using the maximum likelihood assessment procedures. The 

uncertainties in parameter estimations and the protocols followed for assessment of 

each model input parameter, are discussed. The resulting models for probabilistic 

seismic soil liquefaction triggering are presented both numerically and graphically.  
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Chapter 6 presents the main conclusions of the thesis and provides a summary of the 

conducted research studies. Additionally, recommendations for future studies are 

presented. 
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2 LITERATURE REVIEW  

2.1 Introduction  

Within this chapter, basic definitions of the terms used in the assessment of seismic 

soil liquefaction triggering methodologies for gravelly soils are presented, along with 

the existing liquefaction triggering models. The effect of grain size characteristics 

on the seismic soil liquefaction triggering potential is discussed. Additionally, a brief 

summary of the site investigation methods used to evaluate the capacity against soil 

liquefaction and their limitations, is introduced.  

2.2 Seismic Soil Liquefaction Triggering 

Soil liquefaction phenomenon can be subdivided into two, considering the 

differences in the type of loading : static soil liquefaction and cyclic soil liquefaction. 

Static soil liquefaction occurs when the static load applied exceeds its capacity, 

resulting in rapid loss of its ability to support the applied load. This can lead to flow 

and displacement and deformation problems. Cyclic soil liquefaction refers to the 

reduction of stiffness and shear strength due to applied undrained cyclic loading. 

This loading can be caused by earthquake-induced shaking or any type of vibration 

loading. Soil liquefaction that occurs as a result of earthquake-induced loads is 

classified as seismic soil liquefaction. 

The behavior of soil is influenced by various factors including stress state, density 

state, and boundary conditions. These factors determine how soil responds under 

different loading conditions. 

Under both drained and undrained conditions, the behavior of dense and loose soil 

differs depending on the mean effective stresses. In undrained loading conditions, 

loose soils tend to soften and generate excess pore pressure. In contrast, dense soils 

experience hardening with negative excess pore pressure. In drained loading 
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conditions, loose soils tend to harden and contract. On the other hand, dense soils 

exhibit softening and may display a dilatant behavior. The ultimate objective for soils 

is to reach the Critical State Line (CSL), which represents the ability to deform 

infinitely without any volume change under constant loading intensities. 

Based on these assessments and considering the boundary conditions experienced, 

static liquefaction can be classified as occurring under drained loading conditions. It 

should be noted that both dense and loose soils can experience static soil liquefaction. 

In the case of dense soils, the stiffness softening leads to increased deformations. In 

contrast, for loose soils, the contracting behavior results in significant reduction in 

shear strength and triggers soil liquefaction. 

On the other hand, seismic soil liquefaction occurs under undrained boundary 

conditions due to the rapid loading nature. Seismic soil liquefaction is further 

classified into two categories based on the definitions provided by Robertson and 

Fear (1997): cyclic softening and flow liquefaction. 

Flow liquefaction, also known as liquefaction-induced flow, refers to the loss of soil 

strength and stiffness, causing the soil to behave like a viscous liquid under 

monotonic or cyclic loading conditions. As the name suggests, flow liquefaction can 

result in high strain levels, as observed in the 1995 Kobe Earthquake. 

The cyclic softening phenomenon can be further divided into two sub-sections: 

cyclic mobility and cyclic liquefaction. These sections are directly influenced by the 

duration and magnitude of cyclic rapid loading. Figure 2.1 presents an illustrative 

graph depicting the transition between cyclic mobility and cyclic liquefaction. 

During cyclic rapid loading, excess pore pressures develop and contribute to the 

decrease in the mean effective stress of the soil. Two failure planes, which are related 

to the soil's resistance, are identified. Until the loading reaches one of these failure 

planes, cyclic mobility occurs. During cyclic mobility, the stiffness and strength 

parameters of the soil decrease as the mean effective stress decreases, resulting in 

small deformations. However, when the loading reaches one of the failure planes, 
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cyclic liquefaction occurs. In this stage, the soil starts to liquefy, with the stiffness 

and shear strength parameters approaching ñzeroò. This leads to high deformations 

in the soil. 

 

Figure 2.1. Schematic view of undrained cyclic loading 

Various parameters control the behavior of cyclic softening and flow liquefaction. 

These parameters include the initial mean effective stress, magnitude of loading, 

duration, and soil type, and they influence different aspects of the behavior. 

The initial mean effective stress influences the duration of the cyclic mobility phase. 

Higher initial effective stress values tend to prolong the cyclic mobility stage before 

reaching cyclic liquefaction. The magnitude of loading determines the level of 

deviatoric stress (ή) experienced by the soil. Higher magnitudes lead to higher 

deviatoric stress values, which can cause cyclic liquefaction to occur in fewer cycles. 

This means that the loading may reach the failure plane earlier in the loading process, 

resulting in cyclic liquefaction. The duration parameter affects the number of loading 

cycles experienced by the soil. Longer durations allow for a greater number of 
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cycles, which can influence the total increase in excess pore water pressure. This can 

push the soil from the cyclic mobility stage to cyclic liquefaction. The soil type plays 

a crucial role in its capacity to store and generate excess pore water pressure. 

Different soil types have varying characteristics, such as permeability and 

compressibility, which influence their ability to accumulate excess pore water 

pressure during cyclic loading. This, in turn, affects the likelihood of experiencing 

cyclic mobility or cyclic liquefaction. 

The significance of soil type lies on its impact on the capacity to store and dissipate 

excess pore water pressure, which has been extensively studied by researchers to 

assess the susceptibility of different soil types to seismic soil liquefaction. The aim 

is to understand the behavior of these soil types and their potential for seismic soil 

liquefaction, which can be done by grouping the phenomenon into  two: coarse-

grained (sandy and gravelly soil mixtures) and fine-grained (clayey and silty soil 

mixtures) soils.  

The importance of soil type due to its influence on the ability to store and dissipate 

excess pore water pressure is investigated by many researchers in order to determine 

the susceptibility against seismic soil liquefaction for different soil types. 

Accordingly,  soil types will be investigated in the means of coarse-grained (sandy 

and gravelly soil mixtures) and fine-grained (clayey and silty soil mixtures) soils. 

Based on the literature survey on the susceptibility of coarse-grained soils, it is 

widely acknowledged that sandy soil mixtures have a high potential for seismic soil 

liquefaction. Many researchers have established boundaries based on grain size 

distribution curves, such as the ones proposed by Tsuchida (1970), to assess the 

susceptibility of coarse-grained soils, including silty soils (Figure 2.2). These 

boundaries serve as guidelines for evaluating the liquefaction potential of different 

soil types within the coarse-grained category. 
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Figure 2.2. Liquefaction susceptibility boundaries (Tsuchida, 1970) 

However, upon closer investigation of these boundaries, it has been observed that 

the susceptibility of gravelly soil mixtures to seismic soil liquefaction appears to be 

non-existent. Historically, it was believed that the large grain size of gravelly soils 

provided a higher resistance to liquefaction. However, recent case histories and 

studies have demonstrated that gravelly soil mixtures do indeed exhibit a 

susceptibility to seismic soil liquefaction (Cao et al., 2013; Rollins et al., 2021 and 

2022). This new understanding challenges the traditional perception and highlights 

the importance of considering gravelly soils in liquefaction assessments. 

The investigation of liquefaction potential in fine-grained soils is crucial for selecting 

the critical layers during the assessment of each case history. The Chinese Criteria 

(Wang, 1979) introduced the first set of criteria to assess the potential for seismic 

soil liquefaction in fine-grained soils. According to these criteria, three soil 

characteristics need to be examined: clay content and liquid limit should be less than 

15% and 35%, respectively, while the water content is higher than 90% of the liquid 

limit. 
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Subsequently, Andrews and Martin (2000) proposed a modified approach by 

considering the values of clay content and liquid limit. They divided the liquefaction 

susceptibility into four zones, which are presented in Table 2.1. These zones provide 

a framework for evaluating the potential for seismic soil liquefaction in fine-grained 

soils based on the clay content and liquid limit values. 

Table 2.1. Liquefaction susceptibility criteria proposed by Andrew and Martin 

(2000) 

 ╛░▲◊░▀ ╛░□░◄Ϸ ╛░▲◊░▀ ╛░□░◄Ϸ 

╒■╪◐ ╒▫▪◄▄▪◄Ϸ Susceptible Further Studies Required 

╒■╪◐ ╒▫▪◄▄▪◄Ϸ Further Studies Required Not Susceptible 

  

Two significant earthquake events, the Kocaeli earthquake in 1999 and the Chi-Chi 

earthquake in 1999, serve as key examples of soil liquefaction in fine-grained soils. 

These events are essential for assessing the susceptibility of fine-grained soils to 

seismic soil liquefaction. Furthermore, laboratory testing has been conducted on soil 

samples collected from these earthquakes to further understand this phenomenon. 

Studies conducted by Seed et al. (2003), Bray and Sancio (2004), and Boulanger and 

Idriss (2006) have utilized laboratory test results to investigate the behavior of fine-

grained soils and assess their susceptibility to seismic soil liquefaction. 

In summary, clayey, silty, sandy, and gravelly soils have varying degrees of 

susceptibility to soil liquefaction, and it is important to consider their liquefaction 

potential during assessments. However, this thesis will specifically focus on 

examples of soil sites with gravelly sand and sandy gravel critical layers that 

experienced liquefaction (or not) after earthquake events. The thesis aims to provide 

case studies and analysis specifically for these types of soil compositions to 

contribute to the understanding of their liquefaction behavior and the development 

of seismic soil liquefaction models.  
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2.3 Site Investigation Methods 

Seismic soil liquefaction triggering relationships are typically assessed using in-situ 

tests that provide an indication of soil resistance. Different site investigation methods 

and their indices can be utilized to correlate with the soil resistance, including 

standard penetration test (SPT), cone penetration test (CPT), and shear-wave 

velocity (Vs). However, when dealing with gravelly soils, Becker penetration test 

(BPT), large penetration test (LPT), and dynamic penetration test (DPT) are 

preferred. This is because the particle size of gravelly soils can lead to biased 

estimates of resistance when correlated with SPT and CPT indices. 

A detailed schematic view of an SPT sampler and CPT cone is presented in Figure 

2.3. The CPT cone typically has a diameter of around 36 mm, which may encounter 

obstruction from gravel particles since the particle size of gravels ranges from 4.75 

to 100 mm. Similarly, the SPT sampler has a diameter of 50 mm with a wall  

thickness of 1.6 mm, which can also be affected by the presence of larger gravel 

particles. Therefore, caution should be exercised when interpreting relatively high 

values obtained from these tests on gravelly soils, as they may be biased. 

In summary, to overcome the limitations of SPT and CPT in gravelly soils, 

alternative methods, such as BPT, LPT, and DPT are utilized to accurately assess the 

soil resistance and liquefaction triggering potential. These methods account for the 

grain size characteristics of gravelly soils, ensuring more reliable results for the 

analysis of seismic soil liquefaction.  
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(a) (b) 

Figure 2.3. Schematic view of a) CPT cone, and b) SPT sampler 

To address these concerns and ensure an unbiased assessment, alternative site 

investigation methods (e.g., DPT, BPT, LPT etc.), specifically designed for gravelly 

soils, are employed to determine the strength parameters of the soil skeleton. The 

advantage of using LPT as the site investigation method is the diameter of the 

sampler. Due to its larger diameter when it is compared with the SPT sampler, an 

easier penetration by the sampler to gravelly soils is achieved. Similarly, BPT 

apparatus has a larger cone when it is compared to CPT cone. Accordingly, it makes 

the apparatus to be a more appropriate to determine the resistance of gravelly soils. 

The application of LPT and BPT are similar with SPT and CPT methods, 

respectively. Accordingly, schematic views of these apparatus are given in Figure 

2.4 
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(a) (b) 

Figure 2.4. Schematic view of a) BPT cone, and b) LPT sampler 

An often preferred site investigation method by researchers is the Dynamic 

Penetration Test (DPT) due to its cost-effectiveness and capability to acquire 

representative data for the entire soil profile. The mobilization cost of DPT apparatus 

is lower than LPT and BPT apparatus. 

The Dynamic Penetration Test (DPT) apparatus consists of a larger cone with 74 mm 

and 60o apex angle with a 120 kg hammer dropped from a height of 100 cm to 

generate the required energy for penetration. DPT apparatus was developed in China 

during the early 1950s to assess the bearing capacity of gravelly soils. In the recent 

years starting with 2008 Wenchuan earthquake (Mw=7.9), DPT apparatus is used for 

the assessment of gravelly soil liquefaction potential since with these specifications 

DPT apparatus creates unbiased and reliable results to represent the resistance unlike 

SPT and CPT apparatus (Rollins and Amoroso, 2019). The schematic view and 

application steps of the DPT apparatus is shown in Figure 2.5 and Figure 2.6. During 

the test, the number of blows is counted for 10 cm intervals as Dynamic Penetration 

Test (DPT) blow counts N (Cao et al., 2013).  
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Figure 2.5. Schematic view of DPT cone 

Moreover, ὈὖὝὔ  is defined as the cumulative blow counts for 30 cm 

penetration of the cone, which can be calculated by multiplying every value with 3. 

The subscript in ὔ  is owes to 120 kg hammer weight of the DPT apparatus.  

 

Figure 2.6. Application of DPT apparatus 

The normalized ὈὖὝὔ  for overburden stresses are defined as given in 

Equation (2.1) 
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 ὔ ὔ Ͻὅ  

 

(2.1) 

where is defined as ὅ
ȟ

Ȣ. „ȟ is the initial effective overburden stress and 

ὖ is the atmospheric pressure.  

Moreover, measurements of shear-wave velocity (Vs) are considered to be reliable 

for assessing the liquefaction potential of soils, as they do not involve sampling 

mechanisms that can introduce biases. The evaluation and correction procedures for 

both DPT and Vs measurements will be extensively discussed in Chapter 3. 

2.4 Cyclic Stress Ratio (CSR) 

The Cyclic Stress Ratio (CSR) is utilized to quantify the magnitude of cyclic loading 

imposed on a soil layer during seismic events. In the subsequent section, the CSR 

term and its associated correction factors will be introduced. The seismic demand is 

assessed by considering the CSR value. 

To assess the demand, shear stresses developed at the base of a rigid soil block are 

considered. The Cyclic Stress Ratio (CSR) is defined as the ratio between the average 

shear stress and the vertical effective stress acting on the analyzed horizontally 

layered soil element. Mathematically, it can be expressed by using Equation (2.2). 

ὅὛὙ
†

„
 

 

(2.2) 

Seed and Idriss (1971) proposed that the Cyclic Stress Ratio (CSR) can be estimated 

as 65% of the maximum shear stress († ) divided by the average shear stress († ) 

of the flexible soil columns. A simplified procedure for calculating CSR is then 

introduced, which involves multiplying the horizontal acceleration acting on the soil 

column by a normalization factor, and dividing it by the effective vertical stress. The 

CSR term proposed by Seed and Idriss (1971) can be represented by Equation (2.3). 

ὅὛὙ
†

„

πȢφυϽ†

„
πȢφυϽ

ὥ  

Ὣ
Ͻ
„

„
Ͻὶ 

(2.3) 
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where ὥ  is the peak horizontal acceleration, „  is the effective vertical stress, 

„  is the total vertical stress, and ὶ is the mass participation factor. 

The concept of mass participation factor was initially proposed by Seed and Idriss 

(1971). Subsequently, several research groups, including Liao and Whitman 

(1986b), Golesorkhi (1989), Idriss (1999), Youd and Idriss (2001), and Cetin and 

Seed (2004), investigated this factor by conducting 1-D site response analyses. 

Initially, the estimation of the mass participation factor (ὶ) was based on a limited 

number of site profiles. However, Cetin and Seed (2004) expanded the analysis by 

considering 2,153 site response analyses using 42 ground motions applied to 50 

actual soil stratigraphies. 

An alternative and more reliable approach for estimating CSR at a specific depth is 

to perform site-specific site response analyses using specialized software such as 

Shake and Deepsoil. These software tools enable the performance of equivalent 

linear and nonlinear 1-D site response analyses. On the basis of wave mechanics 

principles, it is possible to asses the response of a soil site and estimate the 

parameters including soilôs maximum acceleration (ὥ ) and induced cyclic shear 

stresses, which are essential for calculating the CSR values. This approach allows 

for a more accurate assessment of CSR by considering the specific characteristics of 

the site and the seismic input. 

The CSR term can be further normalized through a series of corrections to account 

for the effects of overburden stress, static shear stresses, and earthquake duration 

(magnitude). These corrections are represented by the factors ὑ , ὑ , and ὑ , 

respectively. Reference values of „ ρ ὥὸάȟ ‌ π (flat surface), and ὓ χȢυ 

are used for these normalization factors. By applying these normalization factors to 

the CSR term, the resulting normalized ὅὛὙ Ȣȟ   term, as presented in 

Equation (2.4), provides a more comprehensive and standardized measure of the 

cyclic loading level experienced by the soil. The details and purposes of each 

normalization factor will be further discussed. 
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ὅὛὙ Ȣȟ  πȢφυϽ
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(2.4) 

The influence of confining stress on the undrained shear strength of saturated soils 

is significant for both monotonic and cyclic loadings. As mentioned earlier, the CSR 

term incorporates the effective overburden pressure in its denominator, indicating 

that increasing confinement stress leads to a decrease in CSR. This relationship 

reflects the fact that soils generally exhibit higher resistance to cyclic loading as the 

confinement stresses increase. 

To account for the effect of overburden pressure, it is necessary to normalize the 

CSR term. This normalization becomes particularly important when assessing soil 

layers with high confinement values, such as in the case of dams or deep foundations. 

In order to establish a standardized measure, researchers have proposed relationships 

to represent an effective overburden pressure of 1 atm (100 kPa). Equation (2.5) is 

proposed by NCEER Working Group (Youd et al., 2001) to have a normalized 

resistance term for an initial effective overburden stress of 1 atm. 

The purpose of normalizing the CSR term for overburden pressure is to ensure that 

the assessment of soil liquefaction susceptibility is not biased by variations in the 

confining stress conditions. It allows for a standardized comparison of soil behavior 

under different confinement levels, facilitating more accurate and reliable 

evaluations of soil liquefaction potential. 

ὅὛὙ ὅὛὙ ȟ Ͻὑ  

 

(2.5) 

Based on the NCEER Working Group (Youd et al., 2001) and Cetin et al. (2004) 

suggestions, an equation is proposed given in Equation (2.6), where the power term 

(Ὢ is dependent on the SPT-N values. These two suggestions are good conformance 

between each other.   

ὑ „  

 

(2.6) 

The duration or magnitude correction is an important factor in assessing the 

liquefaction potential of soils. The number of cycles a soil experiences during 
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seismic loading plays a crucial role in determining its susceptibility to liquefaction. 

The effect of duration is often referred to as a "fatigue" problem, as repeated cyclic 

loading can lead to the softening and eventual liquefaction of soils (Boulanger and 

Idriss, 2014). 

To account for the influence of earthquake magnitude on the duration of cyclic 

loading, a magnitude correction is applied. This correction aims to normalize the 

number of cycles experienced by the soil for earthquakes of different magnitudes, 

ultimately creating an equivalent uniform cyclic stress ratio (ὅὛὙ ) as defined in 

Cetin et al. (2004). The reference magnitude typically used for this correction is 

ὓ χȢυ. The normalization factor is presented in Equation (2.7) with the 

equivalent representation of number of cycles (ὔ) condition. 

ὑ
ὅὛὙ

ὅὛὙ Ȣ

ὔ

ὔ Ȣ
 

 

(2.7) 

It is worth noting that there is a significant variation in the estimation of this 

correction parameter, particularly for earthquakes with magnitudes less than ὓ

χȢυ. Different researchers have proposed different approaches and relationships to 

account for the duration effects of seismic loading. This variation is attributed to the 

complex nature of the problem and the lack of consensus on the appropriate 

correction factors for different earthquake magnitudes. 

The aim of the magnitude correction is to provide a standardized measure of cyclic 

loading duration, allowing for consistent assessments of soil liquefaction 

susceptibility across different earthquake events. By applying appropriate correction 

factors, the CSR values can be adjusted to account for the varying durations of cyclic 

loading associated with different magnitudes, leading to more accurate and reliable 

evaluations of liquefaction potential. 

Effects of having initial static shear stresses († ) due to existing sloped surfaces to 

the liquefaction resistance is the least studied topic. The normalization term, ‌, is 

proposed as Equation (2.8). 
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‌
†

„
 

 

(2.8) 

Based on the available studies in the literature, cyclic loading resistance is affected 

by the initial shear stress and cyclic shear strain level. The concensus regarding 

considering the effects of ὑ  dissolves when quantifying the correction factor (Cetin 

and Bilge, 2013). 

2.4.1 Existing Seismic Soil Liquefaction Triggering Relationships of 

Gravelly Soils 

Commonly used liquefaction triggering relationships are based on case histories. The 

individual case histories involve the information reported by the reconnaissance 

teams, who visited the site following the earthquake. These teams report the observed 

surface manifestations (or the lack of them). Moreover, in-situ field tests are 

performed to characterize the soils site. The number of case histories involving 

gravelly soil liquefaction is relatively low, making it challenging to compile a 

database with a sufficient number of data points to develop a probabilistic model. 

On the other hand, after the 2008 Wenchuan earthquake, a significant number of  

case history data became available due to the widespread occurrence of gravelly soil 

liquefaction. In response, a geotechnical team led by Zhenzhong Cao, supported by 

the Institute of Engineering Mechanics (IEM) and China Earthquake Administration 

(CEA), conducted reconnaissance studies. As a result, Cao et al. (2013) developed a 

gravelly soil database comprising 47 sites, which included site investigations using 

DPT and Vs methods. Furthermore, they proposed an event-specific probabilistic 

liquefaction triggering relationship for gravelly soils, as presented in Equation (2.9) 

and shown in Figure 2.7. 

ÌÎ
ὖ

ρ ὖ
ψȢτπ πȢσυϽὔ ςȢρςϽÌÎ ὅὛὙ 

 

(2.9) 
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The availability of the gravelly soil liquefaction database created by Cao et al. (2013) 

has played a significant role in advancing the understanding of gravelly soil 

liquefaction. Researchers have increasingly utilized the DPT test as a means to assess 

the liquefaction potential of gravelly soils, not only for recent earthquake events but 

also for historical ones. This database has served as a milestone in the field, providing 

valuable insights and enabling more comprehensive evaluations of liquefaction 

susceptibility in gravelly soils. 

 

Figure 2.7. Probabilistic liquefaction triggering curves proposed by Cao et al. 2013 

for gravelly soils 

In the aftermath of the Wenchuan earthquake and in the process of compiling 

gravelly soil liquefaction database, significant effort was put to re-assess earlier 

earthquake events, where gravelly liquefaction was observed. In these cases, proper 

methods were not initially adopted to determine the resistance of the gravelly layer. 

As a result, further investigations were conducted using the DPT and Vs in-situ- tests. 

For instance, the Alaska earthquake in 1964 was revisited by Roy et al. (2022), and 

site investigations were performed by using DPT and Vs tests to assess the 

liquefaction potential of the gravelly soils. Similarly, the Friuli earthquake in 1976 

was revisited by Rollins et al. (2020), and site investigations utilizing DPT and Vs 

methods were carried out. 
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Moreover, in more recent earthquake events such as the Haiti earthquake in 2010 

(Olson et al., 2011), the Cephalonia earthquake in 2014 (Zekkos et al., 2019), and 

the Musine earthquake in 2016 (Lopez et al., 2018), DPT-based site investigations 

were conducted along with Vs measurements to evaluate the potential for gravelly 

soil liquefaction. 

These revisited earthquake events and the accompanying site investigations have 

contributed to the understanding of gravelly soil liquefaction, and have provided 

valuable data for further analysis and the development of improved liquefaction 

triggering relationships. 

A database focusing specifically on gravelly soil liquefaction case histories was 

developed based on the efforts of Hu et al. (2021). This database includes 234 case 

history data from 17 different earthquakes, providing a comprehensive collection of 

information. Additionally, Rollins et al. (2021) have contributed to the efforts by 

presenting an additional database consisting of 137 case history data from 12 

earthquakes. 

Using the data from these case history databases, Rollins et al. (2021) have proposed 

a global liquefaction triggering relationship for gravelly soils based on DPT 

measurements. The relationship, along with its graphical representation, is presented 

in Equation (2.10) and (2.11), respectively. Figure 2.8 displays the graphical form of 

the proposed relationship, providing a useful tool for assessing the liquefaction 

potential of gravelly soils. 

ὖ
ρ

ρ ÅØÐ πȢπππψϽὔ ρȢσςϽὓ υȢςϽÌÎ ὅὛὙ
 (2.10) 

ὅὙὙÅØÐ 
πȢπππψϽὔ ρȢσςϽὓ ÌÎ

ρ ὖ
ὖ

υȢς
 

 

(2.11) 

It is worth noting that in the proposed liquefaction triggering relationship by Rollins 

et al. (2021), the model parameters considered are limited to the magnitude of the 

earthquake (ὓ ) and the normalized blow count (ὔ ). It appears that the correction 

factor ὑ , which accounts for the effect of overburden pressure, has not been 
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included as a model parameter in their analysis. This indicates that the researchers 

have focused on the influence of earthquake magnitude and the soil's resistance as 

represented by the blow count, without explicitly incorporating the correction factor 

for overburden pressure in their model. 

 

Figure 2.8. Probabilistic liquefaction triggering curves proposed by Rollins et al. 

(2021) for gravelly soils 

A database focusing on Vs-based analysis is also introduced by Rollins et al. (2022), 

which expands upon the earlier work by incorporating 174 case histories from 18 

different earthquakes. This database also includes the data from the Rollins et al. 

(2021) database, leading to a consolidated database that encompasses both Vs and 

DPT-based case histories. Utilizing this comprehensive database, probabilistic 

liquefaction triggering models are developed. The resulting relationship is presented 

in Equations (2.12) and (2.13), and a graphical representation of the model with the 

associated case histories is shown in Figure 2.9. 

ὖ
ρ

ρ ÅØÐ ρȢφϽὓ τȢωυϽÌÎὅὛὙ σȢψψϽρπ Ͻὠ
 (2.12) 
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ὅὙὙÅØÐ 
σȢψψϽρπ Ͻὠ ρȢφϽὓ ÌÎ

ρ ὖ
ὖ

τȢωυ
 

(2.13) 

It is important to note that for the Vs-based assessments, a similar set of parameters 

and exponents as used in the Rollins et al. (2021) model for ὔ  is implemented. 

 

Figure 2.9. Probabilistic liquefaction triggering curves proposed by Rollins et al. 

(2022) for gravelly soils 
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3 CHAPTER 3 DATABASE 

3.1 Introduction  

Discussions in the literature has focused on the most suitable in-situ test index metric 

(e.g., (N1)60, N
ô
120, Vs1) for estimating the liquefaction potential of gravelly soils. This 

is because the presence of larger grain sizes in gravelly soils can lead to biased 

indices in common site investigation methods like SPT and CPT. Additionally, due 

to the limited availability of case history data for gravelly soil liquefaction, relying 

solely on a single site investigation method is insufficient to fully capture the 

behavior of gravelly soils in relation to seismic soil liquefaction. Therefore, it has 

been decided to create a comprehensive database that combines multiple site 

investigation methods (e.g. DPT, Vs, BPT, LPT). This chapter will provide an 

evaluation of DPT and Vs methods since these two methods are considered to be the 

resistance term in modelling efforts. 

This study aims to develop a comprehensive database of seismic soil liquefaction 

case histories specifically focusing on gravelly soils. The database will include a re-

evaluation of previous studies mentioned in Chapter 2. Inspired by previous seismic 

soil liquefaction triggering databases including various soil types (Cao et al., 2013, 

Rollins, 2021, 2022, Cetin, 2000, Cetin et al., 2004, 2018a,c, Ilgac, 2022, Pirhadi et 

al. 2022), a probabilistic assessment based on the newly created database will be 

conducted. Previous seismic soil liquefaction-triggering relationships primarily 

considered the duration correction (ὑ ), but did not account for the overburden 

stress correction (ὑ ) in the CSR term. Therefore, this study aims to address this 

limitation and incorporate both corrections into the assessment. To ensure the quality 

and unbiased nature of the case history database for gravelly soils, an assessment 

protocol is provided to assess each case history data. This methodology involves 

applying a series of screening criteria for each parameter, ensuring the inclusion of 

high-quality case histories in the final database. 
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3.2 Selection of Input Parameters 

The newly proposed database comprises 110 case history sites, each represented by 

56 input parameters (e.g., PGA, GC, etc.). In order to perform a probabilistic 

assessment, mean and standard deviation values are estimated for each input 

parameter. Additionally, for parameters that are correlated with each other, 

correlation coefficient values are estimated to ensure accurate evaluations, such as 

the correlation between initial vertical total stress (sv) and effective stress (svô). This 

section will provide a summary of the protocol followed to estimate the input 

parameters for each case history, ensuring a high-quality database. 

Detailed information for each case history is provided in Appendix A.  In this chapter 

a case history from the 1964 Alaska earthquake is presented for illustration purposes 

(Figure 3.1). This case history highlights the process of gathering relevant data and 

estimating the input parameters required for the assessments. 

 

Figure 3.1. An illustrative example of the summary sheet for Songbai Village-1964 

Alaska earthquake case history 
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3.2.1 Estimation of Case History Input Parameters 

Several screening criteria have been developed to judge the quality of case histories. 

A high quality case history must fulfill the requirements of i) having a well-

documented site investigation effort immediately performed after the earthquake, 

including information about the soil stratigraphy and groundwater table, ii) reliably 

determining the ground motion characteristics (e.g., rupture distance, epicenter, Mw, 

etc.). By applying these screening criteria, the initial selection of case histories is 

made. It ensures that the database comprises case histories with well-documented 

site investigations and necessary information about the ground motion 

characteristics. In the subsequent sections, individual evaluation of other input 

parameters will be conducted based on the selected case histories.  

3.2.2 Evaluation of Liquefaction Field Performance 

During the assessment of individual field performances, the presence of surface 

manifestations at the site is used to judge the triggering of liquefaction. If surface 

manifestations such as lateral spread, soil ejecta, or ground cracks are observed, the 

case is categorized as liquefied ("Yes"). On the other hand, if no surface 

manifestations are observed, the case is considered as non-liquefied ("No"). 

The observed surface manifestations primarily consist of lateral spreading and water 

or soil ejections. It is worth noting that excessive settlement phenomenon is not 

commonly observed in gravelly soils due to their relatively small range of emax ï emin. 

In cases where the top layer of the site is composed of high plasticity soft soils and 

exhibits lateral spread, it is considered that the cyclic mobility of these soft high 

plasticity layer may be the potential suspect. Such cases are excluded from the 

database. 
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3.2.3 Critical Layer Determination  

The identification of the critical depth involves identifying the potentially liquefiable 

layer, particularly the fully saturated non plastic layer. This layer might continue to 

deeper levels which have less potential to create surface manifestations. On ther 

other hand, the whole layer with the same resistance is considered as the critical 

layer. 

In cases where both sandy and gravelly soils are present within the same soil profile, 

the evaluation is based on the density and stress states. Although sandy soils 

generally have a higher liquefaction susceptibility as compared to gravelly soils, the 

critical layer is determined based on their density states. In cases, where a looser sub-

layer is observed in a gravelly soil layer, it is considered as the critical layer. 

Once the critical layer is selected, the digitized borehole information is utilized to 

determine the upper and lower bounds of the layer. The digitized borehole 

information for all the case histories is available in Appendix A. For the assessments, 

mean and standard deviations are estimated for depth range of each critical layer. 

The mean value is set as the mid-depth of the selected critical layer. The standard 

deviation of the critical layer depth is determined by dividing the depth range of the 

critical layer by 6, which ensures that the layer boundaries are within the range of 

median Ñ 3ů, consistent with Cetin (2000). 

3.2.4 Evaluation of Soil Properties 

The definition of the soil unit selected as the critical layer should be consistent with 

the definitions of USCS soil classification where both define the unit as gravelly sand 

or sandy gravel (GW, GP, GM, and GC). During the liquefaction assessments, 

various representative soil parameters need to be estimated for the critical layer to 

be able to estimate the cyclic stress ratio (CSR). These parameters include 

groundwater table (GWT), unit weight (ɔ), and others. It should be noted that there 

are uncertainties associated with these parameters.  
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In this section, a detailed discussion will be presented regarding the parameters and 

their uncertainties. The focus will be on understanding the uncertainties associated 

with the determination of parameters such as total vertical stress („), effective 

vertical stress („), and others, which are crucial in calculating the CSR.  

3.2.4.1 Groundwater Table Level and Related Uncertainty  

The groundwater level is determined directly from the related borehole information 

provided. In some cases, the groundwater level may differ at different measurement 

dates. The measurement differences might be caused by, i) the borehole drilling 

method: if water is used during drilling, it can temporarily raise the groundwater 

table, and ii) the low permeability of the soil unit at the groundwater level, resulting 

in a slow stabilization of the groundwater level in the borehole. For these cases, the 

last measurement is considered. 

The uncertainty associated with the groundwater table level is determined by 

considering the seasonal changes that can occur between the time of the earthquake 

event and the site investigation efforts. If data does not suggest otherwise, a standard 

deviation of 0.2 m is assigned to the mean groundwater level, denoted as , sGWT, 

taking into account this effect, consistent with the suggestions of Cetin (2000). 

3.2.4.2 Unit Weight and Related Uncertainty 

The unit weight is determined using the relationships proposed by Chen and 

Kulhawy (2014). These relationships utilize the grain size characteristics of 

cohesionless soils to estimate their index properties. The relationship between dry 

unit weight and D50 values is presented in Equation(3.1). 

‎ ρφȢυ σÌÏÇ Ὀ  (3.1) 

However, it should be noted that Equation (3.1, developed by Chen and Kulhawy 

(2014), is applicable to all cohesionless soils. According to the authors, this 
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relationship overestimates the dry unit weight for D50 values between 0.3 and 1.0 

mm, and underestimate well-graded soil dry unit weights. To address this limitation, 

a correction is proposed by adding 2 kN/m3 for well-graded soils, which is 

consistently incorporated for well-graded soils. The relationship utilized in the 

protocol is presented in Equation (3.2). 

‎ ρψȢυ σÌÏÇ Ὀ          τȢχυ άά Ὀ χυ άά (3.2) 

This method is compared with the maximum and minimum values suggested by 

Kulhawy and Mayne (1990). The comparison of these values are presented in Table 

3.1. 

Table 3.1. Comparison of unit weight estimations 

 
Chen and Kulhawy 

(2014) 

Kulhawy and Mayne 

(1990) 

Minimum estimated ‎   

ὯὔȾά  
20.5 16.0 

Maximum estimated ‎  

ὯὔȾά  
24.1 23.7 

The standard deviation of the unit weight parameter is associated with the used 

relationship and its uncertainty. Accordinly, „ is assigned as 0.6 kN/m3 for the 

method proposed by Chen and Kulhawy (2014) by considering the maximum and 

minimum values presented in Table 3.1. 

3.2.4.3 Total and Effective Overburden Stresses and Related Uncertainty 

Based on the identified critical layer and its range, it is necessary to calculate the 

total and effective overburden pressures for estimating the CSR term. To do so, the 

median values of total and effective overburden pressures are calculated at the mid-

depth of the critical layer, taking into account the associated uncertainties and 

correlation coefficients as suggested by Cetin et al. (2004). Equations (3.3) to (3.8) 
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are employed in the assessment to calculate the first-order approximations of the 

mean and variance. 

„ Ὠ Ͻ‎ Ὠ Ὠ Ͻ‎  (3.3) 

„ Ὠ Ͻ‎ Ὠ Ὠ Ͻ‎ ‎  (3.4) 

„
Ὠ Ͻ„ Ὠ Ὠ Ͻ„

‎ Ͻ„ ‎ ‎ Ͻ„
 

(3.5) 

„
Ὠ Ͻ„ Ὠ Ὠ Ͻ„

‎ ‎ Ͻ„ ‎ ‎ ‎ Ͻ„
 

(3.6) 

ὧέὺ„ȟ„ ḙ Ὠ Ͻ„ ‎ ‎ ‎ Ͻ„  

Ὠ Ὠ Ͻ„ ‎ Ͻ‎ ‎ Ͻ„   

(3.7) 

” ȟ ḙ
ὧέὺ„ȟ„

„ Ͻ„
 

(3.8) 

where „ and „ are the median total and effective overburden stress, respectively, 

„  and „  are the standard deviation of total and effective overburden stress, 

respectively, Ὠ  and „  are the median and standard deviation groundwater 

table level, ‎  and „  are mean and standard deviation of moist unit weight, 

‎  and „  are mean and standard deviation of saturated unit weight, Ὠ  and 

„  are the median and standard deviation of critical layer depth, ὧέὺ„ȟ„  is the 

covariance between total and effective overburden stresses and ” ȟ  is correlation 

coefficient between total and effective overburden stresses  

3.2.5 Earthquake-Related Parameters 

After selecting the soil-related parameters, it is essential to determine the earthquake-

related parameters to evaluate the type and magnitude of loading that the soil has 

experienced. Subsequently, the upcoming sections will provide specific information 

regarding the selection of parameters associated with earthquake-induced forces. 
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closest distance between the surface rupture associated with the specific earthquake 

and the case history site. 

The ShakeMap recommended PGA value is adapted to consider soil site effects. The 

uncertainty associated with ὥ  is assigned as 0.20 for both site-specific and event-

specific GMPE, based on the recommendations of Cetin (2000). 

3.2.5.3 Data Class 

A data classification scheme is implemented to rank the quality of each case history 

data. The scheme, based on the protocols proposed by Cetin (2000), categorizes the 

data into different levels of data classes.  

These data classes reflect the level of documentation, accuracy of site investigation 

reports, and definition of seismic parameters. Original borehole data is presented in 

the Appendix where they are distinguished as the following data class levels:  

╒■╪▼▼ ═ȡ ὧέὺ πȢςπ 

╒■╪▼▼ ║ȡ πȢςπ ὧέὺ πȢσυ 

╒■╪▼▼ ╒ȡ πȢσυ ὧέὺ πȢυπ 

Case history data that do not have a reliable soil profile or lack information related 

to seismicity are classified as Class D. These data are excluded from the database 

due to the insufficient or unreliable nature of the information. 

3.2.5.4 Moment Magnitude (Mw)  

The moment magnitude (Mw) is chosen as the magnitude parameter for the database 

due to its wide acceptance in the literature. Other magnitude alternatives such as 

local magnitude (ML), body wave magnitude (Mb), and surface wave magnitude (Ms) 

are not included in the database due to their saturations at larger magnitudes. The 

moment magnitude as determined by the U.S. Geological Survey (USGS) is used. 
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Local and international earthquake catalogs are not used in order to maintain 

consistency and avoid potential inconsistencies. 

Due to smaller uncertainty involved with Mw, and its relative unimportance,  it is not 

attempted to be modeled. 

3.2.5.5 Cyclic Stress Ratio 

Assessments regarding the cyclic stress ratio (CSR) are conducted using the 

simplified procedure proposed by Seed and Idriss (1971), as presented in Equation 

(3.11). In order to estimate the coefficient of variation, ‏ , the first-order 

derivatives of each parameter are taken and their squares are summed. However, it 

is important to note that this approach assumes independence among the parameters, 

and it is not valid for total and effective vertical overburden stresses, as these 

parameters are not independent. For these two parameters, the second-order moment 

about the mean is calculated and subtracted from the calculated ‏ , as shown in 

(Equation (3.12)).  

ὅὛὙ
†

„
πȢφυϽ

ὥ

Ὣ
Ͻ
„

„
Ͻὶ (3.11) 

‏ ḙ‏ ‏ ‏ ‏ ςϽ” Ͻ Ͻ‏ Ͻ‏  (3.12) 

3.2.6 Site Investigation Method Parameters 

Regardless of the site investigation method used for each case history, all of the 

gathered data is processed. Furthermore, these site investigation efforts are evaluated 

similarly, regardless of whether they are conducted before or after the earthquake 

event. The details of the procedure for Vs and DPT methods are presented in the 

following sections. For the other methods, the raw and/or corrected data are 

automatically assigned for the case history. The data is fully digitized and provided 

in the Appendix. In some cases, the data obtained from existing research is presented 
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in the form of corrected values for DPT and Vs measurements. To obtain the raw 

data, a back-evaluation procedure is applied to these values, taking into account the 

correction factors defined in the relevant research. This procedure allows for the 

estimation of the raw and uncorrected data. 

Moreover, for some case histories in the database, certain parameters such as 6ȟ  

and 6ȟ may not be available. In such cases, these parameters are estimated by 

considering another closely-located case history that shares similar geological 

characteristics. Since these parameters are often dependent on the underlying 

geology, using a nearby case history allows for a reasonable estimation when direct 

data is not available. 

Furthermore, it is important to note that some case histories involve multiple site 

investigation methods, and it is necessary to ensure consistency in selecting the 

critical layer using these different methods. However, the precision of these methods 

can vary due to differences in their data acquisition procedures. For example, shear 

wave velocity (Vs) measurements are typically taken at 1-meter intervals, while the 

Dynamic Penetration Test (DPT) provides measurements at 10-cm intervals. In such 

cases, considering the DPT values for the selection of the critical layer offers a more 

precise approach. 

To illustrate this issue, let's consider a specific case history where the Vs 

measurements indicate a critical layer depth of 5.00 ï 8.00 meters with a resistance 

value of 200 m/s, while the DPT measurements suggest a critical layer depth of 4.80 

ï 7.60 meters with a DPT-N value of 8 blows/30 cm. In this case, to ensure 

consistency and precision in the critical layer selection, the critical layer is chosen as 

4.80 ï 7.60 meters, based on the DPT measurements with resistance of ὠ

ςππ άȾί and ὈὖὝὔ ψ ὦὰέύίȾσπ ὧά. 
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3.2.6.1 Shear Wave Velocity (Vs) 

Shear wave velocity measurements play a crucial role in the database, serving two 

main purposes. Firstly, they are utilized for estimating the resistance values of the 

soil layers. Secondly, shear wave velocity measurements are used as input for various 

other parameters in the database. 

In the context of using shear wave velocity as a resistance parameter, it is necessary 

to consider the correction of shear wave velocity values with respect to the 

overburden pressure. The general form of the overburden pressure correction 

equation is given as Equation (3.13). The coefficient "m" in this equation depends 

on the soil type and its characteristics. For sandy soils, "m" is selected as 0.25 based 

on the suggestions of Liao and Whitman (1986). However, it is important to note 

that the correction coefficient may vary depending on the index parameters of the 

soil, such as fines content, gravel content, and uniformity coefficient. Several studies, 

including those by Cetin and Ozan (2009), Moss et al. (2006), and Cha et al. (2014), 

have highlighted the influence of these index parameters on the correction 

coefficient. Therefore, further investigations are necessary to estimate the 

appropriate value of the correction coefficient for specific soil conditions. 

ὠ ὠϽ
ὖ

„ȟ
ὠϽ

ὖ

„ȟ

Ȣ  (3.13) 

In Equation (3.13), „ȟ represents the initial effective vertical stress, and Pa denotes 

the atmospheric pressure. When the critical layer consists of two or more 

measurements, the standard deviation value is determined directly. On the other 

hand, for cases where only one measurement is available for the critical layer, a 

standard deviation value of „ ȟ  ρς άȾί is assigned. This value is based on the 

average standard deviation calculated from the entire final database, providing a 

reasonable estimate of the uncertainty in such cases. 

Secondly, shear wave velocity values are required for all the case histories in the 

form of 6ȟ  and 6ȟ . 6ȟ  is used as an input parameter for calculating the mass 
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participation factor (rd), while 6ȟ  is used for soil classification to incorporate site 

effects in the method proposed by Seed et al. (1997). For case histories that include 

shear wave velocity measurements, Equations (3.14) and (3.15) are utilized to 

calculate 6ȟ  and 6ȟ , respectively. 

ὠȟ
ρς

В
ὠȟ
ὸ

 (3.14) 

ὠȟ
σπ

В
ὠȟ
ὸ

 (3.15) 

where ὸ is the time interval for ith layer. 

3.2.6.2 Dynamic Penetration Test (DPT) 

As discussed, the dynamic penetration test is a more reliable tool for estimating the 

resistance of gravelly soils, owing to its large dimensions and ability to take 

measurements with a 10 cm interval.  

A correction scheme needs to be adopted for the dynamic penetration test (DPT), 

similar to the correction procedure used for the SPT method. The DPT measurements 

need to be corrected based on energy efficiency and overburden pressure. The energy 

efficiency correction is carried out following the procedure proposed by Cao et al. 

(2012), where the conventional DPT system energy is determined as 89% (Ὁ ȟ ) 

and used as the reference value (Equation (3.16)). 

In the database, all the case histories included have used the Pile Driving Analyzer 

(PDA) type DPT apparatus, which allows energy measurements to be taken during 

the test. The DPT measurements in the database include field energy measurements 

ranging between 85% and 91%. By comparing the conventional energy efficiency of 

the DPT apparatus with these measurements, it has been concluded that the 

significance of the energy correction is low. 
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ὔ ὔ Ͻ
Ὁ

Ὁ ȟ
 (3.16) 

Overburden correction for DPT measurements will be conducted similar to Vs and 

SPT measurements. The factor ñmò is adopted as 0.5 which is twice of Vs correction 

as proposed in Cetin and Ozan (2009) and Liao and Whitman (1986). The correction 

method is presented in Equation (3.17).  

ὔ ὔ Ͻ
ὖ

„ȟ

Ȣ (3.17) 
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4 CHAPTER 4                                                                                              

COMPILATION OF FIELD CASE HISTORIES  

4.1 Introduction  

Within the scope of this chapter, the compilation efforts for the new case history 

database are discussed. The database includes new case histories from 8 major 

earthquakes that occurred worldwide. The data covers a period starting with 1964 

Alaska Earthquake till 2016 Muisne Earthquake. However, it should be noted that 

for the older events, newly performed site investigations by using the dynamic 

penetration test (DPT) method are discussed as part of our research efforts. 

The database includes digital information that provides precise GPS coordinates of 

the site locations. This allows for the determination of the distance to the fault, which 

is important for examining the intensity and duration parameters of the earthquakes. 

Furthermore, a rigorous evaluation and screening process was applied to the existing 

database in the literature, which resulted in a reduction in the number of case history 

data points used for modeling purposes. The case histories that did not meet the 

screening criteria, along with the reasons for their exclusion, are discussed in this 

chapter. The resulting database serves as the basis for the development of 

probability-based liquefaction triggering relationships, which are further elaborated 

on in Chapter 5. 

According to the existing literature, a total of 26 earthquake events over the past 120 

years were reported to have caused surface manifestations of gravelly soil 

liquefaction. Various site investigation methods have been used for these 

earthquakes. However, the focus of the database is on including case histories with 

dynamic penetration test (DPT) or shear wave velocity (Vs) site investigation 

methods, as these methods are considered to provide unbiased results. 
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Unfortunately, some recently performed site investigation results were only provided 

by summary tables without the raw data, making it impossible to include these case 

histories in the database. As a result, a total of 8 earthquakes with 110 case history 

data points with mostly multiple site investigation methods were processed and 

evaluated based on the screening criteria. Table 4.1 provides a summary of the 

earthquakes included in the database, and Figure 4.1 shows the locations of these 

earthquakes. 

Table 4.1. Summary of the earthquake events included in the database 

Earthquake Year Mw Number of Case History 

Alaska, USA 1964 9.2 12 

Friuli, Italy 1976 6.4 4 

Borah Peak, Idaho, USA 1985 6.9 16 

Wenchuan, China 2008 7.9 73 

Muisne, Ecuador 2016 7.8 3 

Chi-Chi, Taiwan 1999 7.8 1 

Haiti, Dominic Republic 2010 7.0 2 

Kobe, Japan 1995 7.2 1 

 

 

Figure 4.1. The location of the earthquake events in the database 

It should be noted that, gravelly soil liquefaction surface manifestation in 3 more 

earthquakes (1999 Kocali EQ (Mw = 7.6, Turkey), 2013 Cook Strait EQ (Mw = 6.5, 
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New Zealand, 2016 Kaikoura EQ (Mw = 7.8, New Zealand) have observed by the 

reconnasiance teams. On the other hand, SPT and CPT site investigation methods 

are performed for these earthquakes case history sites. Accordingly, they are 

excluded from the database presented in this thesis.  

4.2 An Illustrative Example of Case History Processing 

In this section, an illustrative case history assessment procedure is presented for the 

2008 Wenchuan earthquake, which caused liquefaction with surface manifestation 

in the Chengdu region of China. A geotechnical investigation team from the Institute 

of Engineering Mechanics (IEM) and the China Earthquake Administration (CEA) 

was assigned to conduct reconnaissance studies. The case history site selected for 

illustration purposes is located in Xinglong Village, and the information gathered is 

based on the findings presented by Cao and Ming, 2015. 

The specific location of the site is identified with the coordinates of 31.29688N and 

104.16772E, where surface manifestations of seismic soil liquefaction, by the means 

of ejecta and lateral spreading, were observed. The site investigations included both 

shear wave velocity (Vs) measurements, and DPT. During the site investigations, the 

groundwater table was measured and recorded at a depth of 2.4 meters by the 

investigation team. The summarized in-situ results of the Vs and DPT measurement 

results are presented in Figure 4.2 and Figure 4.3, respectively. 
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Figure 4.2. Summary of DPT results 

 

Figure 4.3. Summary of Vs results 

For the Xinglong Village case history site, the selection of the critical depth is based 

on identifying the potentially liquefiable soil layer, which is characterized as the fully 
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saturated non-plastic to low-plasticity layers with low resistance indices. By 

considering the results of both the dynamic penetration test (DPT) and shear wave 

velocity (Vs) measurements, the critical layer is determined to be the sandy gravel 

layer overlaid by plastic silty clay layer, located at a depth of 4.0 ï 5.4 meters. The 

total and effective vertical stress values are calculated for the mid-depth of the 

critical layer, resulting in 109 and 87 kPa, respectively. 

During the site investigation studies conducted in 2008 for the Wenchuan 

earthquake, the average hammer energy efficiency is measured using a Pile Driving 

Analyzer (PDA) and reported as 89%. The mean shear wave velocity at the first 

depth (ὠȟ) and the corrected blow count (ὔ ) for the critical layer are determined 

to be 136 m/s and 3.9 blows/30 cm, respectively, with standard deviations of 7 m/s 

and 1.4 blows/30 cm for the sandy gravel layer. 

The mass participation parameter, ὶ, is estimated as 0.80 by using the approach 

proposed by Cetin and Seed (2004). Considering the fault type (strike slip) and the 

distance parameter defining the site location and the fault plane (23 km), the Peak 

Ground Acceleration (ὖὋὃ ) is estimated as 0.38 g by using the USGS 

ShakeMap. Based on the available soil profile information and considering the soil 

type descriptions proposed in Seed et al. in 1997, the site is classified as ñB2ò type. 

A site-specific conversion scheme produced ὖὋὃ  value of 0.40 g. The cyclic 

stress ratio (CSR) is estimated as 0.261, with a standard deviation of 0.058, based on 

the parameters estimated above. 

The variation of ὔł , ὠȟ, and CSR is presented in Figure 4.4 a, b and c, 

respectively. The selected critical layer is shaded in red (red indicates liquefaction, 

blue indicates non-liquefaction). A summary of the input parameters is presented in 

Table 4.2. 

. 
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      a b       c 

Figure 4.4. a) Corrected ὔ  profile, b) Corrected ὠȟ profile, and c) CSR plot 

with respect to depth 

 

Table 4.2. Summary of input parameters for Xinglong Village case history site 

This study 

Liquefied? Yes ╜▄╪▪Ȣ╓ Ɑ 33.40 Ñ - 

Data Class B ╜▄╪▪ ╓ Ɑ 0.17 Ñ - 

Critical Depth 

Range 
4.0 - 5.4 ╜▄╪▪ ╓ Ɑ 1.30 Ñ - 

Depth to GWT (m) 2.4 ╜▄╪▪ ╒◊ Ɑ 238.42 Ñ - 

Ɑ○ (kPa) 109.3 Ñ 5.7 Mean FC Ɑ  2.0 Ñ - 

Ɑ○(kPa) 86.7 Ñ 4.6 Mean GC Ɑ 66.8 Ñ - 

╪□╪● (g) 0.400 Ñ 0.080   

►▀ 0.80 Ñ 0.074 ╜▄╪▪ ╥▼ Ɑ 132.5 Ñ 9.5 

CSR 0.261 Ñ 0.058 ╜▄╪▪ ╥▼ Ɑ 136.0 Ñ 7.0 

Equivalent 

Magnitude 
7.9 ╜▄╪▪ ╝ Ɑ 3.9 Ñ 1.4 

MSF 0.88 ╜▄╪▪ ╝ Ɑ 3.9 Ñ 1.4 
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4.3 New Database 

4.3.1 Cases Fullfilling Data Quality and Completeness Requirements 

This section presents the resulting case history database, which consists of 110 

liquefaction case history data complied from the existing literature.  

Table 4.3 provides a summary of the mean, standard deviation, and range 

information for some of the input parameters, (i.e., Ὠ , ὋὡὝ, ‎ , ‎ , „, „, 

GC, FC, ὅ, Ὀ , Ὀ , Ὀ , ὔ , ὠ , ὥ , ὓ , ὶ, ὅὛὙ ȟ ) for the 110 

liquefaction case history data.  

Table 4.3. Statistic of input parameters for the case history database 

Parameter Mean Mean St. Dev. Range 

Ὠ  ά  4.79 0.40 1.70 ï 11.20 

ὋὡὝ ά  2.43 0.20 0.30 ï 8.00 

‎  ὯὔȾά  21.26 0.50 17.00 ï 23.00 

‎  ὯὔȾά  21.76 0.50 17.50 ï 23.50 

„ Ὧὖὥ 106.04 8.95 31.70 ï 262.50 

„ Ὧὖὥ 81.81 6.07 27.30 ï 192.80 

GC (%) 57.35 4.89 19.00 ï 80.00 

FC (%) 4.00 1.33 1.00 ï 20.00 

ὅ 82.77 10.56 3.78 ï 1300.00 

Ὀ  άά  0.32 0.06 0.01 ï 2.30 

Ὀ  άά  2.49 0.40 0.15 ï 13.00 

Ὀ  άά  12.87 1.23 0.35 ï 36.20 

ὔ ὦὰέύίȾσπ ὧά 13.66 3.93 3.00 ï 47.90 

ὔ  ὦὰέύίȾσπ ὧά 15.08 4.16 3.90 ï 41.50 

ὠ άȾί  185.87 11.36 93.80 ï 379.00 
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Parameter Mean Mean St. Dev. Range 

ὠ άȾί 195.73 8.21 107.30 ï 327.00 

ὥ  Ὣ 0.39 0.08 0.26 ï 0.53 

ὓ  7.83 - 6.50 ï 9.20 

ὶ 0.83 0.08 0.57 ï 0.97 

ὅὛὙ ȟ  0.28 0.06 0.15 ï 0.40 

Figure 4.5 a-u presents the distribution of the input parameters (i.e., Ὠ , ὋὡὝ, 

‎ , ‎ , „, „, GC, FC, ὅ, Ὀ , Ὀ , Ὀ , ὔ , ὔ , ὠ, ὠ , ὥ , ὓ , ὶ, 

ὅὛὙ ȟ ) listed in Table 4.3. Descriptive parameters are shown in Figure 4.5. The 

black dots represent the liquefied sites, while white circles are reserved for the non-

liquefied sites. The mean and standard deviation values are shown on the same figure 

with dark red and dark grey, solid and dashed lines for liquefied and non-liquefied 

sites, respectively.  

 

a) 

Figure 4.5. Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) ὋὡὝ, 
e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , o) ὠ, p) 

ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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b) 

 

c) 

 

d) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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e) 

 

f) 

 

g) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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h) 

 

i) 

 

j) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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k) 

 

l) 

 

m) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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n) 

 

o) 

 

p) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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r) 

 

s) 

 

t) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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u) 

Figure 4.5. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  

4.3.2 Excluded Case Histories 

Due to screening process, poor quality case histories along with the ones with 

incomplete or contradictory data were excluded from further consideration. Table 

4.4 provides a list of the excluded case histories along with the reasons for their 

exclusion. 

Table 4.4. The excluded case histories 

Earthquake Site Reason of exclusion 

1976 Friuli 

Earthquake 

#75_Avasinis  

Site 4 
Inconsistent DPT and Vs data  

2008 

Wenchuan 

Earthquake 

#31_Jiangyou Thermal 

Power Plant ZK5 

Fine sand ejecta, whereas only gravelly 

sand units present in the soil profile.  

#34_ Jinqiao Village 
Multiple suspects for the critical layer. 

Hard to identify the liquefied layer 
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#38_ Changzheng 

Village No original boring log available. A soil 

profile from a nearby case history site 

was assigned. 
#39_ Yongquan Village 

#40_ Xiaojia Village 
Multiple suspects for the critical layer. 

Hard to identify the liquefied layer 

#45_Songbai Village 

Different critical layers by DPT and Vs. 

Multiple suspects for the critical layer. 

Hard to identify the liquefied layer 

#47_Shihu Village 
Multiple suspect layers, thin sand layer 

vs. gravel. 

#50_Zhenjiang Village 

Different critical layers by DPT and Vs. 

Multiple suspects for the critical layer. 

Hard to identify the liquefied layer 

#52_Baihutou Village 

No original boring log available. A soil 

profile from a nearby case history site 

was assigned. 

#53_Baiyang Village 

#54_Linyan Village 

#55_Qingliang Village 

#56_Siyuan Village 

#57_Jiangyou Railway 

Station - 1 

#65_Shuangquan 

Village 
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c) 

 

d) 

 

e) 

Figure 4.6. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , 

o) ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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f) 

 

g) 

 

h) 

Figure 4.6. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , o) 

ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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i) 

 

j) 

 

k) 

Figure 4.6. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , o) 

ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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l) 

 

m) 

 

n) 

Figure 4.6. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , o) 

ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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o) 

 

p) 

 

r) 

Figure 4.6. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , o) 

ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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s) 

 

t) 

 

u) 

Figure 4.6. (contôd) Distribution of input parameters a) Ὠ , b) ‎ , c) ‎ , d) 

ὋὡὝ, e) „, f) „, g) GC, h) FC, i) ὅ, j) Ὀ , k) Ὀ , l) Ὀ , m) ὔ , n) ὔ , o) 

ὠ, p) ὠ , r) ὥ , s) ὓ , t) ὶ, u) ὅὛὙ ȟ  
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Table 4.6 summarizes the mean and the standard deviation, and the range for some 

of the input parameters (i.e., Ὠ , ὋὡὝ, ‎ , ‎ , „, „, GC, FC, ὅ, Ὀ , Ὀ , 

Ὀ , ὔ , ὠ , ὥ , ὓ , ὶ, ὅὛὙ ȟ ) for the resulting 80 liquefaction case history 

in the final database. 

Table 4.6. Statistics of final case history database 

Parameter Mean Mean St. Dev. Range 

Ὠ  ά  4.64 0.40 1.70 ï 11.05 

ὋὡὝ ά  2.28 0.2 0.30 ï 6.10 

‎  ὯὔȾά  21.26 0.5 18.00 ï 23.00 

‎  ὯὔȾά  21.76 0.5 18.50 ï 23.50 

„ Ὧὖὥ 100.09 8.90 36.20 ï 257.50 

„ Ὧὖὥ 76.88 6.03 27.30 ï 191.30 

GC (%) 57.90 4.68 19.00 ï 80.00 

FC (%) 4.40 1.15 1.00 ï 20.00 

ὅ 82.47 11.17 9.00 ï 1300.00 

Ὀ  άά  0.32 0.05 0.01 ï 1.00 

Ὀ  άά  2.52 0.35 0.15 ï 13.00 

Ὀ  άά  11.82 1.20 0.69 ï 36.20 

ὔ ὦὰέύίȾσπ ὧά 14.84 4.52 3.90 ï 47.90 

ὔ  ὦὰέύίȾσπ ὧά 16.85 4.86 3.90 ï 41.50 

ὠ άȾί  177.81 12.68 93.80 ï 379.00 

ὠ άȾί 189.98 8.86 107.30 ï 327.00 

ὥ  Ὣ 0.40 0.08 0.26 ï 0.53 

ὓ  7.84 - 6.50 ï 9.20 

ὶ 0.84 0.07 0.57 ï 0.97 

ὅὛὙ ȟ  0.29 0.07 0.15 ï 0.40 
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Figure 4.7 presents the histograms of some of the imput parameters (i.e., Ὠ , „, 

ὔ , ὠ , ὥ , ὓ , ὅὛὙ ȟ ). 

 

a) 

 

b) 

Figure 4.7. The histograms of the parameters a) Ὠ , b) „, c) ὔ , d) ὠ , e) 

ὥ , f) ὓ , g) ὅὛὙ ȟ  
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c) 

 

d) 

 

e) 

Figure 4.7. (contôd) The histograms of the parameters a) Ὠ , b) „, c) ὔ , d) 

ὠ , e) ὥ , f) ὓ , g) ὅὛὙ ȟ  
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f) 

 

g) 

Figure 4.7. (contôd) The histograms of the parameters a) Ὠ , b) „, c) ὔ , d) 

ὠ , e) ὥ , f) ὓ , g) ὅὛὙ ȟ  

 

Figure 4.8 a and b present the corrected values for both ὔ  and ὠ  versus field 

ὅὛὙ ȟ  (without any normalization for ὑ , ὑ , ὑ ) data pairs for the final 

database, respectively.  
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a) 

 

b) 

Figure 4.8. New case histories on a) ὔ  versus ὅὛὙ ȟ , and b) ὠ  versus 

ὅὛὙ ȟ  
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5 CHAPTER 5                                                                                                        

DEVELOPMENT OF SEISMIC SOIL LIQUEFACTION TRIGGERING 

RELATIONSHIPS  

5.1 Introduction  

Within this chapter, the emphasis will be given on the development of mathematical 

expressions to describe the seismic soil liquefaction triggering phenomenon. The 

goal is to establish a probabilistic model that can estimate the probability of seismic 

soil liquefaction triggering using the gravelly soils database introduced in Chapter 4. 

The normalization factors, namely magnitude correction ὑ , and overburden stress 

correction ὑ , are determined and presented in this context. 

In the final part of this chapter, a comparison is made between the existing 

liquefaction triggering relationships found in the literature, such as those proposed 

by Cao et al. (2013), Rollins et al. (2021, 2022), and Pirhadi et al. (2022), and the 

probabilistic model derived in this study. This comparison aims to assess the 

performance and validity of the probabilistic model in relation to the existing 

approaches presented in the literature. 

5.2 Probabilistic Assessments by the Maximum Likelihood Method 

The objective of the mathematical model for seismic soil liquefaction triggering is 

to establish a clear boundary that distinguishes between liquefied and non-liquefied 

field observations. This is achieved by considering a set of parameters and their 

corresponding coefficients within the model. To determine this set of descriptive 

parameters, boundary curves developed by researchers for other soil types, such as 

those proposed by Seed et al. (1985), Cetin (2000), and Cetin et al. (2018), along 

with the boundary curves developed for only gravelly soils, such as Rollins et al. 

(2021, 2022), are examined. 
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From the proposed model by Cetin (2000), it is observed that several factors 

contribute to the mathematical expression for liquefaction triggering. These factors 

include a resistance term derived from site investigation efforts (i.e. ὔȟ ), grain size 

characteristics (i.e., FC), a load term representing cyclic loading effects (CSR), the 

influence of overburden pressure (i.e. „), and the effects of seismic magnitude (i.e., 

ὓ ). Equation (5.1) presents the mathematical expression incorporating these 

parameters. 

ὫὔȟȟὅὛὙȟὓ ȟὊὅȟ„ȟ‐ȟ— ὔȟ Ͻρ —ϽὊὅ  

—ϽÌÎὅὛὙ —ϽÌÎ ὓ —ϽÌÎ„ —ϽὊὅ — ‐ 

 

(5.1) 

The formulation presented in Equation (5.1) represents the limit state function, which 

serves as the criterion to separate the occurrence of liquefaction (Ὣ π) from the 

absence of liquefaction (Ὣ π). It is important to note that the limit state function 

selected by Cetin (2000) may not include all the descriptive parameters that can 

influence seismic soil liquefaction, such as grain size effects (i.e. FC). However, for 

the purpose of this thesis, a similar form is adopted as the mathematical expression. 

In Cetin (2000), the likelihood of liquefaction is expressed as the product of the 

probabilities of "k" liquefied sites and "n" non-liquefied sites as presented in 

Equation (5.2), assuming that the data points are statistically independent. 

ὒ—ȟ–ȿὼ ᶿ ὖὫὔȟ ȟȟὅὛὙȟὓ ȟȟὊὅȟ„ȟȟ‐ȟ— π 

                       Ͻ ὖὫὔȟ ȟȟὅὛὙȟὓ ȟȟὊὅȟ„ȟȟ‐ȟ— π 

 

(5.2) 

where — is the set of model parameters, —ȟȣȟ—ȟὼ is the measured set of descriptive 

variables (i.e. ὔȟ ȟὅὛὙ, etc.) for each case history, ‐ is the realization of the model 

error for the ith observation, and – is the set of parameters of the distribution of ‐.  
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To ensure the development of an unbiased model, it is assumed that the uncertainty 

of the model follows a normal distribution with a mean value of zero and a standard 

deviation of „. This assumption allows for the consideration of random variations 

and errors in the model. Consequently, the likelihood function is expressed as shown 

in Equation (5.3), which takes into account the probability density function of the 

normal distribution. 

ὒ—ȟ–ȿὼ ᶿ ɮ
Ὣὔȟ ȟȟὅὛὙȟὓ ȟȟὊὅȟ„ȟȟ‐ȟ—

„
 

                       Ͻ ɮ
Ὣὔȟ ȟȟὅὛὙȟὓ ȟȟὊὅȟ„ȟȟ‐ȟ—

„
 

 

(5.3) 

where ɮ is the standard normal cumulative distribution function.  

By considering the likelihood function and the specific characteristics of gravelly 

soils, a modified limit state function is proposed in Equation (5.4) for the DPT and 

Vs based models. In these modified functions, the fines content term is excluded due 

to mostly clean nature and its minimal effect on the response of gravelly soils. 

ὒ—ȟ–ȿὼ ᶿ ɮ
Ὣὔ ȟὅὛὙȟὓ ȟȟ„ȟȟ‐ȟ—

„
 

                       Ͻ ɮ
Ὣὔ ȟὅὛὙȟὓ ȟȟȟ„ȟȟ‐ȟ—

„
 

 (5.4) 

ὒ—ȟ–ȿὼ ᶿ ɮ
ὫὠȟὅὛὙȟὓ ȟȟ„ȟȟ‐ȟ—

„
 

                       Ͻ ɮ
ὫὠȟὅὛὙȟὓ ȟȟȟ„ȟȟ‐ȟ—

„
 

Different from the error term defined above, the descriptive variables ὔ , ὠ , „,  

ὓ ȟ and ὅὛὙ are subject to uncertainties and measurement errors. In order to develop 

a probabilistic model, it is necessary to account for these uncertainties in the 
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variables. The estimation or measurement of each variable can be expressed in terms 

of a mean value and a zero-mean random error term, assuming that the error term 

follows a normal distribution, as suggested by Cetin (2000).  

5.2.1 Sampling Bias of the Observations 

During the development of probabilistic liquefaction triggering correlations, one of 

the challenges is the unbalanced distribution of data points between liquefied and 

non-liquefied case histories. In the gravelly soil database, as mentioned in previous 

chapters, there are 55 liquefied and 25 non-liquefied case histories. This imbalance 

is mainly due to the focus of reconnaissance teams on studying liquefied sites rather 

than non-liquefied sites. 

To address this issue and account for the unbalanced distribution, weighting factors 

can be applied to the likelihood function. By introducing weighting factors, the 

importance of the non-liquefied case histories can be increased, ensuring a more 

balanced representation of the data. The weighting factors are incorporated into the 

likelihood function, as shown in Equation (5.5). This approach helps mitigate the 

impact of the uneven distribution of data points and improves the reliability of the 

probabilistic model by giving appropriate consideration to both liquefied and non-

liquefied case histories. 

ὒ—ȟ–ȿὼ ᶿ ὖὫὔ ȟὅὛὙȟὓ ȟȟ„ȟȟ‐ȟ— π
Ȣ
 

                       Ͻ ὖὫὔ ȟὅὛὙȟὓ ȟȟ„ȟȟ‐ȟ— π
Ȣ
 

 

(5.5) 

ὒ—ȟ–ȿὼ ᶿ ὖὫὠȟὅὛὙȟὓ ȟȟ„ȟȟ‐ȟ— π
Ȣ
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                       Ͻ ὖὫὠȟὅὛὙȟὓ ȟȟ„ȟȟ‐ȟ— π
Ȣ
 

where ύ Ȣand ύ Ȣ are the weighting factors and they are defined in Equation 

(5.6). 

ύ Ȣ

ὗ

ὗ
 ὥὲὨ ύ Ȣ

ρ ὗ

ρ ὗ
  

 

(5.6) 

where ὗ  is the true (population) proportion of occurrences of liquefaction and ὗ is 

the corresponding sample proportion. The difficulty in applying this correction lies 

in the fact that the true proportion of liquefaction cases in nature is not known. There 

is a consensus among researchers that the bias resulting from this uncertainty is real, 

and the correction factor for ύ Ȣ should be greater than 1.0, as mentioned in 

Cetin (2000). The scaling factor, 
Ȣ

Ȣ
, will be implemented as 1.5 (i.e., . 

ύ Ȣ ρȢς, and ύ Ȣ πȢψ), as proposed by Cetin (2000). 

5.3 Probabilistic Seismic Soil Liquefaction Triggering Curves 

The limit state function proposed in Equation (5.4) defines the boundary between 

liquefaction and non-liquefaction case histories. The probability of liquefaction 

triggering includes the model error (‐), uncertainties in model parameters (—), and 

descriptive parameters (ὔ , ὠ , „, ὓ ȟ and ὅὛὙ). It can be calculated by summing 

(integrating) the probabilities of all combinations of parameters that define 

liquefaction as " Ὣ π", as proposed by Cetin (2000). The mathematical form is 

presented in Equation (5.7). 

ὖὫɜȟ—ȟ‐ π •‐ȿ„ ϽὪ—ȟ„ ϽὪɜϽÄ‐ϽὨ—ϽÄ„ϽὨɜ

ȟȟ

 (5.7) 

where • is the normal distribution function, — —ȟȣȟ— , and ɜ ὔ , ὠ , „, 

ὓ ȟὅὛὙ. In the case where the uncertainties, except for the model error term, are 
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neglected and the mean estimates are substituted into Equation (5.7), a closed-form 

solution for the probability of liquefaction triggering can be obtained as presented in 

Equation (5.8). 

ὖὫɜȟ—ȟ‐ π  

ɮ

ÌÎὅὛὙ —ÌÎὓ —ÌÎ
„
ὖ — ὔ —

  
„

 

(5.8) 
ὖὫɜȟ—ȟ‐ π  

ɮ

ÌÎὅὛὙ —ÌÎὓ —ÌÎ
„
ὖ — ὠȟ —

  
„

 

where ɮ is the standard normal cumulative distribution function.  

By using the mathematical expression defined in Equation (5.8), the maximum 

likelihood estimation (MLE) method is incorporated into the assessment to 

determine the model coefficients for each descriptive term along with the model 

error. The methodology behind the MLE method is to calculate the total likelihood, 

which is the summation of the probabilities of each case history according to the 

model, until it converges to the maximum value. 

To understand the effect of each descriptive parameter, various models are evaluated 

for both the DPT and Vs methods, and the predictive capacity of each model is 

compared. The first attempt is to implement an expression similar to Cetin et al. 

(2004, 2018) and Ilgac (2022), referred to as Model-1. Additionally, specific  

gravelly soil liquefaction triggering models taken from Rollins et al. (2021, 2022) 

for DPT and Vs, respectively, are considered as Model-2. The final model, Model-3, 

is evaluated based on the effect of gravel content (Ὃὅ) on the DPT values, where Ὃὅ 

is included as a descriptive parameter in the modeling efforts as ὔ ϽὋὅ and Ὃὅ. 

In contrast to the DPT model, for Model-3 of the Vs method, particle size is 

considered to be more effective on the CSR term rather than ὠ . Accordingly, the 

Ὃὅ term is included in the modeling efforts as ln(Ὃὅ) for Vs Model-3. The respective 
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limit state functions for each model for both DPT and Vs are presented in Table 5.1 

and Table 5.2. 

Table 5.1. Limit state function alternatives for Model ï 1, 2, and 3 

Model 

Type 

Model 

# 
Limit state function alternatives 

DPT 

Models 

1 

Ὣὔ ȟὅὛὙȟὓ ȟ„ȟ‐ȟ— —Ͻὔ —ϽÌÎὓ  

—ϽÌÎ
„

ὖ
—ϽÌÎὅὛὙ — ‐  

2 

Ὣὔ ȟὅὛὙȟὓ ȟ„ȟ‐ȟ— —Ͻὔ —ϽÌÎὓ  

—ϽÌÎ
„

ὖ
—ϽÌÎὅὛὙ — ‐ 

3 

Ὣὔ ȟὅὛὙȟὓ ȟ„ȟὋὅȟ‐ȟ— —Ͻὔ —Ͻὔ ϽὋὅ  

—ϽÌÎὓ —ϽÌÎ
„

ὖ
—ϽὋὅ —ϽÌÎὅὛὙ — ‐ 

Vs 

Models 

1 

Ὣὠ ȟὅὛὙȟὓ ȟ„ȟ‐ȟ— —Ͻὠ —ϽÌÎὓ  

—ϽÌÎ
„

ὖ
—ϽÌÎὅὛὙ — ‐ 

2 

Ὣὠ ȟὅὛὙȟὓ ȟ„ȟ‐ȟ— —Ͻὠ —ϽÌÎὓ  

—ϽÌÎ
„

ὖ
—ϽÌÎὅὛὙ — ‐ 

3 

Ὣὠ ȟὅὛὙȟὓ ȟ„ȟὋὅȟ‐ȟ— —Ͻὠ —ϽÌÎ Ὃὅ  

—ϽÌÎὓ —ϽÌÎ
„

ὖ
—ϽÌÎὅὛὙ — ‐ 

The probability of liquefaction and the cyclic resistance ratio (ὅὙὙ) function for 

Model ï 1, 2, and 3 are summarized in Table 5.2. ὅὙὙ term refers to the resistance 

term of the soil layer for a specific probability of liquefaction. The difference 

between ὅὙὙ and ὅὛὙ is that the former term represents the resistance of the soil 

block, while the latter term represents the load, indicating the amount of excitation 

the soil block experienced. 

 



 

 

80 

Table 5.2. Probability of liquefaction and the cyclic stress ratio (CRR) 

Model 

Type 

Mode

l # 
Limit state function alternatives 

DPT 

Model

s 

1 

ὖ ɮ
—Ͻὔ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽÌÎὅὛὙ —

„
 

ὅὙὙÅØÐ
—Ͻὔ —Ͻὰὲὓ —Ͻὰὲ

„
ὖ

— „Ͻ  ὖ

—
 

2 

ὖ ɮ
—Ͻὔ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽÌÎὅὛὙ —

„
 

ὅὙὙÅØÐ
—Ͻὔ —ϽÌÎὓ —ϽÌÎ

„
ὖ

— „Ͻ  ὖ

—
 

3 

ὖ

ɮ
—Ͻὔ —Ͻὔ ϽὋὅ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽὋὅ —ϽÌÎὅὛὙ —

„
 

ὅὙὙ

ÅØÐ
—Ͻὔ —Ͻὔ ϽὋὅ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽὋὅ — „Ͻ  ὖ

—
 

Vs 

Model

s 

1 

ὖ ɮ
—Ͻὠ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽÌÎὅὛὙ —

„
 

ὅὙὙÅØÐ
—Ͻὠ —ϽÌÎὓ —ϽÌÎ

„
ὖ

— „Ͻ  ὖ

—
 

2 

ὖ ɮ
—Ͻὠ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽÌÎὅὛὙ —

„
 

ὅὙὙÅØÐ
—Ͻὠ —ϽÌÎὓ —ϽÌÎ

„
ὖ

— „Ͻ  ὖ

—
 

3 

ὖ ɮ
—Ͻὠ —ϽÌÎὋὅ —ϽÌÎὓ —ϽÌÎ

„
ὖ

—ϽÌÎὅὛὙ —

„
 

ὅὙὙÅØÐ
—Ͻὠ —ϽÌÎ Ὃὅ —ϽÌÎὓ —ϽÌÎ

„
ὖ

— „Ͻ  ὖ

—
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The model coefficients and model error terms are determined using the MLE 

method. The resulting parameters are summarized in Table 5.3 for both DPT and Vs 

models, utilizing the mathematical forms defined in Table 5.2. Furthermore, the 

summation of the likelihoods of liquefied, non-liquefied, and all case histories is 

presented, along with the median probability calculated for each model, in Table 5.3. 

Table 5.3. Resulting parameters for both DPT and Vs spaces 

Model Parameters 

DPT - space Vs - space 

Model  

-1 

Model  

-2 

Model  

-3 

Model  

-1 

Model  

-2 

Model  

-3 

ύ  0.8 

ύ  1.2 

— 0.0086 
ςȢχωφω
Ͻρπ 

0.0286 0.00574 
τȢφτυ
Ͻρπ 

0.00468 

— 1.3300 0.8295 
ςȢφφρφ
Ͻρπ 

0.9699 1.17 0.00075 

— 0.9140 0.1941 0.9544 1.5 0.1 1.5 

— 0.1937 1.2214 0.1877 0.15 1.3 0.15 

— 1.2125 0 
ρȢπυπς
Ͻρπ 

1.5 0.1 1.5 

— 0 - 1.1959 0 - 0 

— - - 0 - - - 

„ 0.1925 0.2046 0.1895 0.247 0.278 0.253 

Sum Likelihood of Non-

Liquefied Case Histories 
-6.01 -6.56 -5.94 -9.25 -11.40 -9.24 

Sum Likelihood of 

Liquefied Case Histories 
-7.24 -7.20 -7.36 -7.63 -9.27 -7.62 

Sum Likelihood of Non-

Liquefied Case Histories 
-13.25 -13.75 -13.30 -16.88 -20.67 -16.86 

Median Probability 80.89 79.81 80.93 81.60 80.44 81.43 

Figure 5.1 to Figure 5.6 present seismic soil liquefaction triggering probability 

curves corresponding to 5%, 20%, 50%, 80%, and 95%, which are estimated by  

using the model ceofficients and model error term presented in Table 5.3. 
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Figure 5.1. Liquefaction triggering curves (DPT ï Model-1) for the gravelly soil 

database 

 
Figure 5.2. Liquefaction triggering curves (DPT ï Model-2) for the gravelly soil 

database 
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Figure 5.3. Liquefaction triggering curves (DPT ï Model-3) for the gravelly soil 

database 

 
Figure 5.4. Liquefaction triggering curves (Vs ï Model-1) for the gravelly soil 

database 
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Figure 5.5. Liquefaction triggering curves (Vs ï Model-2) for the gravelly soil 

database 

 
Figure 5.6. Liquefaction triggering curves (Vs ï Model-3) for the gravelly soil 

database 
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A model with a lower error term does not necessarily mean it is superior to the others. 

From statistics perspective, a higher median probability and a higher maximum 

likelihood value indicate a better model, as they are better indices for the separation 

of liquefied and non-liquefied case history database. Upon visual inspection of each 

model revealed that, i) Model-2 exhibits a very low initial slope, followed by a rapid 

increase, ii) Model-1 has a gradually increasing slope, and iii) Model-3 maintains 

almost constant slopes throughout the model in the DPT space. Although, similar 

observations are observed in the Vs space, no obvious change between Model-1 and 

-3 is observed. 

Based on these findings, it can be concluded that the effect of gravel content (GC) is 

more pronounced in the DPT space as compared to the response in the Vs space. 

Furthermore, assigning an exponent to the site investigation indice initially leads to 

sudden change in resistance to soil liquefaction during the modeling process. From 

a statistics perspective, although there is a small variation in the maximum 

likelihood, model error term, and median probability values among models, Model-

1 and Model-3 exhibit higher statistical values as compared to Model-2, as shown in 

Table 5.3. To further compare the differences in resulting predictive models, the 50 

% probability of liquefaction curves, and the resulting ὑ , and ὑ  correction terms  

are presented for each model in both DPT and Vs spaces as given in Figures 5.7  

through 5.9. Figure 5.7b consists of the model suggested by Kayen et al. (2013) based 

on shear wave velocity for sandy soils. Based on the comparison between the 

suggested models and proposed model, a higher resistance is suggested for the shear 

wave velocities (ὠ ) below 175 m/s, however, a lower resistance above this value.  
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Figure 5.7a. Comparison between the probability of liquefaction 50% curve for 

Model -1, -2, and -3 ï DPT space 

 
Figure 5.7b. Comparison between the probability of liquefaction 50% curve for 

Model -1, -2, and -3 ï Vs space 
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Figure 5.8a. Comparison of ὑ  corrections for Model-1, -2, and -3 ï DPT space 

 
Figure 5.8b. Comparison of ὑ  corrections for Model-1, -2, and -3 ï Vs space 



 

 

88 

 
Figure 5.9a. Comparison of ὑ  corrections for Model-1, -2, and -3 ï DPT space 

 
Figure 5.9b. Comparison of ὑ  corrections for Model-1, -2, and -3 ï Vs space 

Although the statistical assessments indicate small variations between the predictive 

capabilities of the resulting models, it is difficult to judge about the model that is 

significantly superior as compared to the others. As mentioned earlier, the sudden 

changes observed in Model-2 for both DPT and Vs spaces indicate less preferable 

predictions. Additionally, as seen in Figure 5.9b, the effect of gravel content is 

judged to be negligible. Therefore, it is recommended to use Model-3 and Model-1, 

for the DPT and Vs-based assessments, respectively. The recommended probability 
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of liquefaction and CRR boundary equations are presented in Equations (5.9) and 

(5.10) for the DPT and Vs spaces, respectively. Furthermore, the ὑ  and ὑ 

corrections for these models are given in Equations (5.11) and (5.12), respectively. 

The normalization of the CSR term, applicable to both spaces is provided in Equation 

(5.13). 

ὖ ɮ
πȢπςψφϽὔ ςȢφφρφϽρπϽὔ ϽὋὅ πȢωυττϽÌÎὓ πȢρψχχϽÌÎ

„
ὖ ρȢπυπςϽρπϽὋὅ ρȢρωυωϽÌÎὅὛὙ

πȢρψωυ
 

(5.9) 

ὅὙὙÅØÐ
πȢπςψφϽὔ ςȢφφρφϽρπϽὔ ϽὋὅ πȢωυττϽÌÎὓ πȢρψχχϽÌÎ

„
ὖ ρȢπυπςϽρπϽὋὅ πȢρψωυϽ  ὖ

ρȢρωυω
 

ὖ ɮ
πȢππυχτϽὠ Ȣ ρȢυϽÌÎὓ πȢρυϽÌÎ

„
ὖ ρȢυϽÌÎὅὛὙ

πȢςτχ
 

(5.10) 

ὅὙὙÅØÐ
πȢππυχτϽὠ Ȣ ρȢυϽÌÎὓ πȢρυϽÌÎ

„
ὖ πȢςτχϽ  ὖ

ρȢυ
 

ὑ
ὓ

χȢυ
 
ὓ

χȢυ

Ȣ
Ȣ ὓ

χȢυ

Ȣ

 Ὢέὶ ὈὖὝ ὛὴὥὧὩ  

(5.11) 

ὑ
ὓ

χȢυ
 
ὓ

χȢυ

Ȣ
Ȣ ὓ

χȢυ
 Ὢέὶ ὠ ὛὴὥὧὩ 

ὑ
„

ὖ
 
„

ὖ

Ȣ
Ȣ „

ὖ

Ȣ

 Ὢέὶ ὈὖὝ ὛὴὥὧὩ  

(5.12) 

ὑ
„

ὖ
 
„

ὖ

Ȣ
Ȣ „

ὖ

Ȣ

 Ὢέὶ ὠ ὛὴὥὧὩ 

ὅὛὙ  ȟ Ȣȟ ὅὛὙ ȟ ȟϽ
ρ

ὑ
Ͻ
ρ

ὑ
Ͻ
ρ

ὑ
 (5.13) 

where   ὖ  is the inverse of the standard cumulative normal distribution. 
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5.4 Recommended use of the Correlation 

For illustrative purposes, a potentially liquefiable site with the corresponding site 

parameters is presented in Figure 5.10. The protocol used to determine these 

parameters is thoroughly explained in Chapter 3. 

 

Figure 5.10. Typical potentially liquefiable layer 

In the evaluation process, two methods are employed to assess the site parameters. 

Both graphical and mathematical solutions are presented in this example for both the 

DPT and Vs spaces. 

To begin, the CSR term is calculated for the given site using the method proposed 

by Seed and Idriss (1971). The only parameter that requires calculation is the mass 

participation factor (ὶ) for the mid depth of potentially liquefiable layer. The 

calculation steps for determining ὶ are presented in Equation (5.14), based on the 

method described in Cetin and Seed (2004). 
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Ὠ ςπ ά 

(5.14) 
ὶ

ρ
ςσȢπρσςȢωτωϽπȢσυ πȢωωωϽψȢπ πȢπυςυϽςυπ
ρφȢςυψπȢςπρϽὩȢ Ͻ Ȣ Ͻ Ȣ

ρ
ςσȢπρσςȢωτωϽπȢσυ πȢωωωϽψȢπ πȢπυςυϽςυπ

ρφȢςυψπȢςπρϽὩȢ ϽȢ Ͻ Ȣ

πȢȢψσσ 

Based on the given parameters and calculated mass participation factor, ὅὛὙ ȟ  

is calculated and the result is presented in Equation (5.15). 

ὅὛὙ ȟ πȢφυϽ
Ȣ

Ͻ ϽπȢψσσπȢςχρ   (5.15) 

The suggested ὑ  and ὑ , which are presented in Equations (5.16) and (5.17), 

respectively for the normalization of ὅὛὙ ȟ . ὅὛὙ  ȟ Ȣ is the 

normalized term based on „ ρ ὥὸά and ὓ χȢυ shown in Equation (5.18). 

ὑ
Ȣ

Ȣ Ȣ

Ȣ

Ȣ

πȢωυ Ὢέὶ ὈὖὝ ὓέὨὩὰ σ   

(5.16) 

ὑ
Ȣ

Ȣ

Ȣ
πȢωτ Ὢέὶ ὠ ὓέὨὩὰ ρ  

ὑ
Ȣ Ȣ

πȢωω Ὢέὶ ὈὖὝ ὓέὨὩὰ σ    

(5.17) 

ὑ
Ȣ Ȣ

πȢωω Ὢέὶ ὠ ὓέὨὩὰ ρ  

ὅὛὙ  ȟ Ȣ ὅὛὙ ȟ Ͻ Ͻ Ͻ πȢςχρϽ
Ȣ
Ͻ
Ȣ
Ͻ

πȢςψχ Ὢέὶ ὈὖὝ ὛὴὥὧὩ  
(5.18) 

ὅὛὙ  ȟ Ȣ ὅὛὙ ȟ Ͻ Ͻ Ͻ πȢςχρϽ
Ȣ
Ͻ
Ȣ
Ͻ

πȢςωρ Ὢέὶ ὠ ὛὴὥὧὩ  

The site investigation results are presented after applying the protocols outlined in 

Chapter 3. The cyclic resistance ratio (CRR) for a reference stress level of „

ρ ὥὸά and ὓ χȢυ, as well as the probability of liquefaction (ὖ), are calculated 

separately for both the DPT and Vs-based assessments. The resulting values are given 

in Equations (5.19) and (5.20), respectively. 
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Using these calculated values, an evaluation of the probability of liquefaction for the 

critical layer is conducted by comparing the resistance and load terms. 

ὅὙὙÅØÐ
πȢπςψφϽρπςȢφφρφϽρπϽρπϽφππȢωυττϽÌÎψȢπ πȢρψχχϽÌÎ

χπ
ρππ ρȢπυπςϽρπϽφππȢρψωυϽ  πȢυ

ρȢρωυω
πȢςυφ 

(5.19) 

ὅὙὙÅØÐ
πȢππυχτϽρψπȢ ρȢυϽÌÎψȢπ πȢρυϽÌÎ

χπ
ρππ πȢςτχϽ  πȢυ

ρȢυ
πȢςστ 

ὖ ɮ
πȢπςψφϽρπςȢφφρφϽρπϽρπϽφππȢωυττϽÌÎψȢπ πȢρψχχϽÌÎ

χπ
ρππ ρȢπυπςϽρπϽφπρȢρωυωϽÌÎπȢςχρ

πȢρψωυ
φτȢπς Ϸ 

(5.20) 

ὖ ɮ
πȢππυχτϽςρπȢ ρȢυϽÌÎψȢπ πȢρυϽÌÎ

χπ
ρππ ρȢυϽÌÎπȢςχρ

πȢςτχ
φςȢψυϷ 

 

Additionally, for both DPT and Vs-based assessments, the chart solution is also used 

as shown in Figure 5.11 and Figure 5.12, respectively. 

 

Figure 5.11. The probability of liquefaction triggering in the DPT space 
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Figure 5.12. The probability of liquefaction triggering in the Vs space 

The probability of liquefaction (ὖ) and cyclic stress ratio (CRR) is calculated for 

the same illustrative case by using the methods proposed by Rollins et al. (2021) and 

Rollins et al. (2022) for DPT- and Vs-based assessments for comparison purposes. 

In the proposed procedure, mass participation factor is calculated based on the 

suggestions of Golesorkhi (1989) and Idriss (1999) which are presented in Equation 

(5.21). 

ὶ  Ὡ Ͻ    (5.21) 

where  

‌ᾀ ρȢπρςρȢρςφϽÓÉÎ 
ᾀ

ρρȢχσ
 (5.22) 

‍ᾀ πȢρπφπȢρρψϽÓÉÎ 
ᾀ

ρρȢςψ
υȢρτς (5.23) 
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The ‌ and ‍ values are calculated as -0.2662 and 0.0302 for ᾀ υ ά by using 

Equation (5.22) and (5.23). Moreover, the ὶ value is calculated as 0.976. ὅὛὙ  

value is calculated by using Equation (5.15) as 0.333.  

In the proposed methods, magnitude scaling factor is presented in Equation (5.24) 

for DPT- and Vs- based assessments, however no normalization is suggested in these 

models.  ὅὛὙ Ȣ value for each model is calculated and presented in Equation 

(5.25). 

ὓὛὊ χȢςυψϽÅØÐπȢςφτϽὓ χȢςυψϽÅØÐπȢςφτϽψ πȢψχψ Ὢέὶ ὈὖὝ   

(5.24) 

ὓὛὊ ρπȢφφχϽÅØÐπȢσρφϽὓ ρπȢφφχϽÅØÐπȢσρφϽψ πȢψυρ Ὢέὶ ὠ  

ὅὛὙ Ȣ ὅὛὙ Ͻ πȢσσσϽ
Ȣ

πȢσχω Ὢέὶ ὈὖὝ ὛὴὥὧὩ  

(5.25) 

ὅὛὙ Ȣ ὅὛὙ Ͻ πȢσσσϽ
Ȣ

πȢσωρ Ὢέὶ ὠ ὛὴὥὧὩ  

For this example scenario case, Equations (2.10) and (2.11) for DPT and Equations 

(2.12) and (2.13) for Vs based assessments are used to calculated ὖ and CRR values 

as presented in Equation (5.26) and (5.27), respectively.  

ὖ
ρ

ρ ÅØÐ πȢπππψϽρπ ρȢσςϽψ υȢςϽÌÎ πȢσσσ
ωψȢςχϷ 

(5.26) 

ὅὙὙÅØÐ
πȢπππψϽρπ ρȢσςϽψ ÌÎ

ρ πȢυ
πȢυ

υȢς
πȢρυσ 

ὖ
ρ

ρ ÅØÐ σȢψψϽρπ Ͻςρπ ρȢφϽψ τȢωυϽÌÎπȢσσσ

ωχȢχσϷ 
(5.27) 

ὅὙὙÅØÐ
σȢψψϽρπ Ͻςρπ ρȢφϽψ ÌÎ

ρ πȢυ
πȢυ

τȢωυ
πȢρυφ 
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6 CHAPTER 6                                                                                                      

SUMMARY AND CONCLUSION  

6.1 Summary and Conclusions 

Vs-and DPT-based seismic soil liquefaction case history databases are compiled for 

gravelly soils. On the basis of the resulting databases, probability-based seismic soil 

liquefaction triggering models are developed. Figure 6.1 and Figure 6.2 present the 

recommended seismic soil liquefaction boundary curves corresponding to 5%, 20%, 

50%, 80%, and 95% probabilities of liquefaction triggering in the Vs and DPT 

spaces, respectively. 

  
Figure 6.1. Liquefaction triggering curves (DPT ï Model-3) for the gravelly soil 

database 
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Figure 6.2. Liquefaction triggering curves (Vs ï Model-1) for the gravelly soil 

database 

The closed form CRR equations are also presented in Table 6.1 and Table 6.2 for the 

DPT- and Vs-based predictive models, respectively. The corresponding correction 

factors (i.e., ὑ , ὑ ) are also included in Table 6.1 and Table 6.2. 
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Table 6.1. Mathematical expressions of the proposed DPT-based seismic soil 

liquefaction triggering models  

DPT-based seismic soil liquefaction triggering model equations 

ὅὙὙÅØÐ
πȢπςψφϽὔ ςȢφφρφϽρπ Ͻὔ ϽὋὅ πȢωυττϽÌÎὓ πȢρψχχϽÌÎ

„
ὖ

ρȢπυπςϽρπ ϽὋὅ πȢρψωυϽ  ὖ

ρȢρωυω
 

ὖ ɮ
πȢπςψφϽὔ ςȢφφρφϽρπ Ͻὔ ϽὋὅ πȢωυττϽÌÎὓ πȢρψχχϽÌÎ

„
ὖ

ρȢπυπςϽρπ ϽὋὅ ρȢρωυωϽÌÎὅὛὙ

πȢρψωυ
 

ὑ
„

ὖ
 
„

ὖ

Ȣ
Ȣ „

ὖ

Ȣ

 

ὑ
ὓ

χȢυ
 
ὓ

χȢυ

Ȣ
Ȣ ὓ

χȢυ

Ȣ

 

ὅὛὙ  ȟ Ȣȟ ὅὛὙ ȟ ȟϽ
ρ

ὑ
Ͻ
ρ

ὑ
Ͻ
ρ

ὑ
 

Table 6.2. Mathematical expressions of of the proposed Vs -based seismic soil 

liquefaction triggering models  

Vs based seismic soil liquefaction triggering model equations 

ὅὙὙÅØÐ
πȢππυχτϽὠ Ȣ ρȢυϽÌÎὓ πȢρυϽÌÎ

„
ὖ

πȢςτχϽ  ὖ

ρȢυ
 

ὖ ɮ
πȢππυχτϽὠ Ȣ ρȢυϽÌÎὓ πȢρυϽÌÎ

„
ὖ

ρȢυϽÌÎὅὛὙ

πȢςτχ
 

ὑ
„

ὖ
 
„

ὖ

Ȣ
Ȣ „

ὖ

Ȣ

 

ὑ
ὓ

χȢυ
 
ὓ

χȢυ

Ȣ
Ȣ ὓ

χȢυ
 

ὅὛὙ  ȟ Ȣȟ ὅὛὙ ȟ ȟϽ
ρ

ὑ
Ͻ
ρ

ὑ
Ͻ
ρ

ὑ
 



 

 

98 

A concise summary of the scope and the main findings of the research studies are 

presented as follow:  

¶ A comprehensive database for gravelly soils was compiled, consisting of 110 

liquefaction field case histories. After the screening efforts, 30 of these case 

histories were excluded, resulting in a final database with 80 case histories. 

This database was used to develop DPT and Vs-based probabilistic 

liquefaction triggering models. 

¶ A new case history processing protocol was defined for assessing case history 

data. The resulting database includes case histories, where different site 

investigation methods such as SPT, BPT, and LPT, are used to characterize 

the site.  

¶ In addition to in-situ test indices, the grain size characteristics of the selected 

critical layer were documented.  

¶ The final database encompasses case history sites shaken by 7 earthquakes 

with moment magnitudes ranging from ὓ φȢυ ωȢς. The selected case 

history sites were shaken by intensity levels varying in the range of πȢςφὫ

ὥ πȢυσὫ. The corresponding cyclic stress ratio (CSR) values are 

estimated to range from 0.152 to 0.400. 

¶ The effect of gravel content (GC) was investigated in both DPT and Vs 

databases. It was revealed that GC has more pronounced effect on the DPT-

based model. The effects of GC in the Vs database was concluded to be 

negligible. 

¶ A liquefaction triggering assessment was performed at an illustrative soil site. 

The probability of liquefaction was estimated under a scenario seismic event 

with the proposed models. The estimated probability of liquefaction values 

were also compared with the values by existing predictive models. The 

agreement in the estimated PL values were judged to reasonable. 
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6.2 Future Recommendations 

The following studies would contribute to the assessment of seismic soil 

liquefaction triggering in gravelly soils: 

¶ The permeability of the soil unit is closely related to the liquefaction 

mechanism, allowing for a further assessment of soil layers based on this 

parameter. 

¶ Further studies should be conducted to determine the overburden stress 

exponent for gravelly soils with different grain size characteristics.  

¶ To increase the number of case histories, investigations of past earthquakes 

that resulted in surface manifestations in gravelly soil areas should be carried 

out. This can be achieved by using methods such as DPT and Vs to assess 

liquefaction potential and eliminate the effects of grain size variations. 

¶ After a newly occurred earthquake, the selection of the appropriate site 

investigation method should be based on the soil unit observed as the surface 

manifestation to eliminate the biased in site investigation method. 

¶ More high-quality laboratory testing is needed to assess the effects of grain 

size characteristics on the liquefaction initiation of gravelly soils and the pore 

pressure generation mechanism of these soil units should be closely 

investigated. 

¶ The investigation of finer soil units within the soil matrix and their effects on 

liquefaction triggering is also important. Understanding the interactions 

between coarser particles and finer soil fractions can provide insights into the 

overall liquefaction potential and help improve the accuracy of liquefaction 

models for gravelly soils. 
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