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ABSTRACT 
 

 The state-of-the-practice uses the “simplified procedure” to evaluate the liquefaction 

resistance of soils. This procedure involves estimating the stresses induced during a design 

earthquake at a given site, and comparing them with the stresses required to liquefy the in-situ 

soil. Determination of stresses required to liquefy the in-situ soil is a largely empirical process 

that is based on field data obtained from past earthquakes, requiring an engineer to exercise 

considerable judgment. Our objective is to make this particular evaluation more deterministic. 

We numerically simulate the lower end of liquefaction curves. Liquefaction is flagged using a 

physics-based criterion. The curve obtained using this criterion agrees closely with the curve 

in literature. Hence, the use of such a criterion may enable an engineer to make more 

sophisticated estimates while evaluating liquefaction susceptibility at a site. 

 

Introduction 

 

The state-of-the-practice uses the “simplified procedure” (Seed & Idriss, 1971) for evaluating 

liquefaction susceptibility of soils. The procedure involves estimating the stresses induced 

during a design earthquake at a given site, and comparing them with the stresses required to 

induce liquefaction in the in-situ soil. Determination of these stresses is a largely empirical 

process and often requires an engineer to exercise considerable judgment. Soil testing for 

evaluating liquefaction susceptibility can be done in the lab or in the field. Presently, it is 

more usual to rely on field tests, common among which are the standard penetration test 

(SPT), the cone penetration test (CPT), and shear-wave velocity measurements (𝑉𝑉𝑆𝑆). Such 

tests have also been extensively used to collect case histories that have aided in the 

development of liquefaction charts to assess liquefaction susceptibility at a site. 

 

To get the most out of field data and to make liquefaction susceptibility a more deterministic 

process, it is vital that research be carried out to incorporate more physics in this evaluation. 

As pointed out by Idriss & Boulanger (2004), incorporating physics helps make more sense 

out of laboratory or field data and gives us more confidence when it comes to evaluating 

liquefaction potential in light of insufficient data.  Studies have been conducted in the past 

(for instance, Vaid & Chern, 1983; Idriss & Boulanger, 2004; Dobry & Abdoun, 2011) to 

bridge the gap between physics and empiricism. This paper seeks to take another step in that 

direction. 

 

We start by making two observations from literature, which we find to be pertinent to the 

work presented in this paper. Firstly, regardless of the liquefaction index used, liquefaction 

charts are quite similar qualitatively (Idriss & Boulanger, 2008). This makes sense since 

indices such as relative density, SPT count, CPT tip resistance and shear-wave velocity seem 
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to be directly correlated to each other (Gibbs & Holtz, 1957; Marcuson & Bieganousky, 

1977; Ohta & Goto, 1978; Schmertmann, 1979). Hence, a deeper understanding of the 

influence of any one index on liquefaction resistance could assist in a better understanding of 

the influence of other indices. Secondly, we refer to the work by Dobry & Abdoun (2011), 

which concludes that liquefaction charts essentially constitute curves of constant cyclic shear 

strain. A soil subjected to strains higher than those corresponding to the liquefaction curves 

will liquefy. At the lower end of these curves, the cyclic strain is only slightly larger than the 

threshold strain, which is the amount of strain below which sand does not develop any pore 

pressure.   The upper end of these curves corresponds to increasingly high values of cyclic 

strain, and is likely controlled by overconsolidated and preshaken sands. 

 

In this paper, we numerically simulate the lower end of liquefaction resistance curve as a 

function of relative density. In our simulations, liquefaction is flagged using a physics-based 

criterion. The liquefaction curve that we obtain is comparable to the lower end of the 

liquefaction curve obtained by Seed & Peacock (1970). This suggests that there may be merit 

in using the physics-based criterion to assess liquefaction susceptibility. It will soon become 

apparent that our work complements recent work by Dobry & Abdoun (2011). This could 

take us closer to integrating the states of the art and practice for evaluating liquefaction 

susceptibility. 

 

Flow Liquefaction and Cyclic Mobility 

 

We start by presenting a formal classification of liquefaction into flow liquefaction and cyclic 

mobility (National Research Council, 1985). Flow liquefaction (Figure 1) refers to “the 

condition where a soil mass can deform continuously under shear stress less than or equal to 

the static shear stress applied to it.” This initiates as an instability with rapid rise in pore 

pressure and is associated with loss of strength. Examples include slope instability and 

bearing capacity failures. Onset of instability leading to flow liquefaction is initiated at small 

values of strain (Kramer, 1996), suggesting that flow liquefaction corresponds to the lower 

end of the curve in liquefaction charts. 

 

                  
 

(a)          (b) 

 

Figure 1. Schematic for flow liquefaction during cyclic loading; (a) deviatoric stress (𝑞𝑞) vs 

effective pressure (𝑝𝑝′); (b) deviatoric stress (𝑞𝑞) vs shear strain (𝜖𝜖𝑠𝑠) 
 

On the other hand, cyclic mobility (Figure 2) refers to (National Research Council, 1985) 

“unacceptable large permanent displacements or settlements during shaking, but earth mass 

remains stable following shaking without great changes in geometry.” Examples of cyclic 

mobility are settlements of oil tanks and slumping and cracking of earth dams. Cyclic 



mobility can occur in both normally and over consolidated deposits and does not have a clear 

initiation point. In addition, pore pressure build up is also less intense.  This suggests that 

cyclic mobility may correspond to the upper end of the curve in liquefaction charts. 

 

 

                
(a)           (b) 

 

Figure 2. Schematic for cyclic mobility during cyclic loading; (a) deviatoric stress (𝑞𝑞) vs 

effective pressure (𝑝𝑝′); (b) deviatoric stress (𝑞𝑞) vs shear strain (𝜖𝜖𝑠𝑠) 
 

In this work, we focus our attention on flow liquefaction, since we are interested in the lower 

end of liquefaction curves. 

 

Hill’s Criterion for Loss of Stability 

 

Hill's criterion (Hill, 1975) is a physics-based criterion that can be used to predict the onset of 

flow liquefaction (Lade, 1992; Andrade, 2009). According to Hill's criterion, loss of stability 

for an undrained cyclic triaxial test can be expressed as: 

 𝑞̇𝑞𝜖𝜖𝑠̇𝑠 ≤ 0             (1) 

 

where 𝑞̇𝑞 is the increment in deviatoric stress and 𝜖𝜖𝑠̇𝑠 is the increment in shear strain. If 𝜖𝜖𝑠̇𝑠 > 0 

(compressive loading), then instability will occur if 𝑞̇𝑞 ≤ 0. This implies that under 

compressive loading, instability leading to flow liquefaction is initiated when the stress path 

peaks, and the soil sample is unable to sustain the imposed shear stresses (as shown in Figure 

1). This is consistent with experimental observations (Castro, 1969; Vaid & Chern, 1983). 

 

Simulations of Undrained Cyclic Triaxial Test 

 

For the purpose of our simulations, we used the Dafalias-Manzari plasticity model (Dafalias 

& Manzari, 2004), as implemented by Mohammadnejad & Andrade (2015). We calibrated 

the model to some experiments carried out by Vaid & Chern (1983). Table 1 in appendix 

outlines the parameters used in the model. Figure 3 shows a calibration test corresponding to 

a stress-controlled, undrained cyclic loading experiment. The simulation captures two 

important aspects of the experiment. Firstly, flow liquefaction initiates following a peak in 

the stress path, which occurs in the 8th cycle. Secondly, the cyclic stress ratio (CSR), i.e., the 

ratio between the imposed deviatoric stress and the initial confining pressure is the same in 

both experiment and simulation. 



 
(a)        (b) 

 

Figure 3. Calibration of the model (𝜎𝜎′1 and 𝜎𝜎3′  are the major and minor effective principal 

stresses, respectively); (a) Experiment; (b) Simulation 

 

Simulating the Lower End of Liquefaction Curve 

 

In order to simulate the lower end of the liquefaction resistance curve as a function of relative 

density, we picked relative densities over a fairly narrow range of 31% - 42%. The lower 

limit of relative density is in accordance with the lower limit considered by Vaid & Chern 

(1983). Each sample had an initial pressure of 100 kPa and a static shear stress of 75 kPa, 

yielding 𝐾𝐾0 = 0.5. This initial state ensured that the soil was susceptible to flow liquefaction 

over the range of relative densities considered. Each sample was subjected to 10 loading 

cycles under undrained triaxial conditions. Flow liquefaction instability was deemed to have 

occurred in accordance with Hill's criterion, that is, when the stress path peaked. Cyclic stress 

ratio (CSR) that caused instability in the 10
th

 cycle was recorded as the cyclic resistance ratio 

(CRR). Figure 4(a) shows the liquefaction curve that we obtain using this method. We can 

see from Figure 4(b) that our curve resembles the lower end of the liquefaction curve as 

proposed by Seed & Peacock (1970).  

 

 
(a)               (b) 

 

Figure 4. Liquefaction curves as a function of relative density; (a) curve obtained using our 

simulations; (b) comparison with lower end of the Seed & Peacock (1970) curve. 

 



Conclusions 

 

We have used Hill's criterion, which is a physics-based criterion, to simulate the lower end of 

the liquefaction curve as a function of relative density. This suggests that soil samples 

corresponding to the lower end of liquefaction curves are susceptible to flow liquefaction, 

which initiates as an instability at small strains and is accompanied with rapid build up of 

pore pressure. Hence, the use of Hill’s criterion may enable an engineer to make more 

sophisticated estimates of liquefaction susceptibility at a site. This complements a conclusion 

put forward by Dobry & Abdoun (2011), that the lower end of liquefaction curves represent 

soil samples that liquefy under small strains. Work is currently underway on simulating 

correction factors for overburden stress and static shear, for soil samples corresponding to the 

lower end of liquefaction curves. The preliminary results look promising and will be 

discussed in a subsequent publication. This could arm us with a better understanding of the 

mechanical underpinnings of liquefaction not only in the lab, but also in the field.  
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Appendix 

 

Table 1. Parameters for the Dafalias-Manzari constitutive model 

 
Constant Variable Value 

Elasticity 𝐺𝐺0 125 

 𝜈𝜈 0.05 

Critical State 𝑀𝑀 1.45 

 𝜆𝜆𝑐𝑐 0.065 

 𝑒𝑒0 0.722 

 𝜉𝜉 0.9 

Yield surface 𝑚𝑚 0.01 

Plastic modulus ℎ0 4.5 

 𝑐𝑐ℎ 1.05 

 𝑛𝑛𝑏𝑏 1.1 

Dilatancy 𝐴𝐴0 0.124 

 𝑛𝑛𝑑𝑑 5.5 

Fabric-dilatancy tensor 𝑧𝑧Rmax 4 

 𝑐𝑐𝑧𝑧 600 
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