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ABSTRACT 

 

In order to provide a method of evaluating liquefaction potential of loess ground, dynamic triaxial tests on 

undisturbed and disturbed loess specimens are preformed to study the main influence factors of loess 

liquefaction. Taking into account previous study by Wang (1996, 1999, 2000), Prakash (1998) et al., the 

main factors we examined are initial void ratio, plastic index and depth. The different void ratio can be 

achieved through laboratory compaction, while we obtained the different plastic index by using loess 

samples from different sites. The third factor, depth, was simulated by the different overburden stresses. 

Finally, a method of evaluating loess liquefaction potential for seismic design is preliminarily proposed 

based on the test results and some achievements of previous studies related to the physical indexes and 

site condition of loess. 
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INTRODUCTION 

 

Loess is a special soil which has high vulnerability and is easy to liquefy in saturated condition under 

seismic loading. Since the early 1980s, the phenomenon of loess liquefaction has been studied by 

laboratory tests (Prakash S., Puri V K, 1982). In 1990, a case of loess liquefaction induced by a Ms 5.5 

earthquake in Tajikistan was investigated and reported (Ishihara K, et al, 1990). After 1990, a series of 

studies on liquefaction of Chinese loess, Russian loess and US loess were carried out (Wang Lanmin, et 

al, 1995, 2000, 2003). Through these studies, the understanding on the nature and mechanism of loess 

liquefaction was improved substantially. However, there still is lack of proper procedures to evaluate the 

loess liquefaction for a reasonable seismic design. 

 

Evaluating the liquefaction potential of saturated loess is one of the most important steps in the seismic 

safety evaluation of loess site. In order to obtain a simple method to evaluate loess liquefaction potential 

which can be used in the seismic design, we studied the relationship between liquefaction characteristics 

and the physical properties of saturated loess, which can be easily measured in engineering practice. In 

this paper, we researched the liquefaction characteristics of Lanzhou undisturbed and disturbed loess by 

using TYD-20-type hydrauservo dynamic triaxial apparatus and a cyclic sinusoidal wave loading. Based 

on the laboratory test results, the relationship between liquefaction potential and initial void ratio, plastic 

index and the minimum depth of loess liquefaction have been studied. Furthermore, a simple method of 

evaluating the loess liquefaction potential is proposed for engineering seismic design purpose. 
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LABORATORY TESTS 

 

Physical Parameters of the Samples and the Method of the Tests 

The loess samples were taken from the engineering project site of Taoshuping and the civil airport 

reconstruction site of Qinwangchuan in Lanzhou. The overlying strata, which are more than 15m, are 

Malan loess in Quaternary period. The physical parameters of the undisturbed and remolded samples are 

shown in Tab.1. The residues of the undisturbed samples were tamped at the optimum moisture content 

so as to change the initial void ratio, and they were made into the remolded samples. The preparation of 

the samples followed the related regulations in the “Specification of Soil Test” SL237-1999 (The 

compiling group, 1999).  

 

 

 

Tab. 1 Physical parameters of the loess samples 

Samples Depth(m) 
Dry density 

(g/cm
3
) 

Water 

content 

(%) 

Grain composition (%) 
Plastic 

Index Clay    Silt   Sand 

Und-1 

Und-2 

Und-3 

Und-4 

Und-5 

Dist-1 

Dist-2 

6.0 

11.0 

9.0 

9.0 

9.0 

6.0 

6.0 

1.29 

1.38 

1.35 

1.42 

1.38 

1.50 

1.60 

4.0 

11.8 

16.8 

17.8 

11.3 

7.9 

10.6 

17.3     68.2   14.5 

—        — 

—        — 

—        — 

—        — 

17.3      68.2    14.5 

17.3      68.2    14.5 

9.4 

7.6 

9.0 

7.2 

8.1 

9.4 

9.4 

Und-undisturbed sample, Dist-disturbed sample 

 

 

The tests followed the dynamic triaxial test method in the “Specification of soil test” SL237-1999. The 

undisturbed and remolded samples are the cylinders with 50mm diameter and 100mm height. The high 

water head method was used to saturate the samples. It has been shown that the high water head method 

can saturate loess samples with a saturation degree of more than 80%. The saturated samples were 

consolidated isotropically and the consolidation stresses were 100, 150, 200 kPa respectively. The loading 

was equiamplitude sinusoidal wave with 1Hz frequency. 

 

According to previous study by Wang (2003) and Sun (2009), the two standards of loess liquefaction 

failure are proposed: namely if the pore pressure ratio Ud/σ0
/≥0.7, or Ud/σ0

/≥0.4 and the axial strain 
εd=3%, the saturated loess may liquefy. In this paper, we adopted the second standard because its pore 

pressure ratio can `t be easily achieved 0.7 for the disturbed loess whose structure is damaged (Wang 

Lanmin, et al, 2003; Haimei Sun, 2009).  

 

The Test Result 

The results of the dynamic triaxial liquefaction test of the saturated undisturbed and disturbed loess were 

shown in Fig.1, with the relationship of the cyclic stress ratio and the cyclic times caused failure. The 

stress ratio of liquefaction was shown in Tab.2 
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(b)  

Fig. 1 the relationship between stress ratio of liquefaction and cyclic times, 

(a) Loess samples in Qinwangchuan, Lanzhou, (b) Loess samples in Donggang, Lanzhou 

 

 

 

Tab. 2 The stress ratio of liquefaction under different cyclic times 

Samples 
σd/2σ0′ 

Nf=9 Nf=18 Nf=22 

Und-1 0.077 0.073 0.072 

Und-2 0.218 0.194 0.189 

Und-3 0.263 0.240 0.234 

Und-4 0.210 0.188 0.179 

Und-5 0.264 0.235 0.228 

Dist-1 0.142 0.134 0.133 

Dist-2 0.219 0.196 0.188 
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THE EVALUATION ON THE LIQUEFACTION POTENTIAL OF THE SATURATED LOESS 

 

Outline  

The comparison of the earthquake shear stress τ(t), the liquefaction resistance strength τ and the 
earthquake equivalent shear stress τe have been adopted to evaluate the liquefaction potential of the 

saturated loess. We set a parameter A which means the number of the peak of τ(t) is greater than τ. As 

followed(Wang Lanmin, et al, 2009): 

If τ(t)＜τ and τe＜τ，unliquefiable. 

If A is less than the equivalent cyclic times, and τe＜τ, light liquefiable. 
If A is greater than the equivalent cyclic times, and τe＜τ, moderate liquefiable. 

If A is greater than the equivalent cyclic times, and τe≥τ, completely liquefiable. 
If A is less than the equivalent cyclic times, and τe≥τ, unliquefiable, light liquefiable, moderate liquefiable 

according to the magnitude of A. 

 

In the above-mentioned assessment method, the strength of loess deformation, τ, which is resistances to 

liquefaction and the equivalent shear stress, τe , of earthquake respectively by equation (1) and equation 

(2) to calculate. The equivalent cyclic times under different seismic intensity can be selected by Tab. 3. 

 


02





 d

r

v

C              （1） 

 

Which, (τ / σv ') is liquefaction shear stress ratio of the loess stratum under natural burial state; Cr is 

correction factor; (σd/2σ0') may come from the experiment of measuring liquefaction stress ratio of 

saturated loess. 

 

se d
g

a
K  max65.0          （2） 

 

Where, K is the stress reduction coefficient; γ is natural unit weight of overburden strata which is above 

depth sd . 

 

 

 

Tab.3 Seismic intensity and equivalent cyclic times in loess region 

Seismic intensity 6 6.5 7 8 9 

Equivalent cyclic times 5 8 12 20 30 

 

 

Anti-liquefaction Strength Calculation 

According to Equation (1), the strength of loess against liquefaction, τ, may be calculated based on the 

results of dynamic triaxial tests presented in Tab. 4. 
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Tab.4 Liquefaction stress under different cyclic times 

Sample σv′/kPa 
τ/kPa 

Nf=9 Nf=18 Nf=22 

Und-1 48.25 2.01 1.90 1.88 

Und-2 166.4 19.95 17.78 17.30 

Und-3 144.6 20.91 19.09 18.61 

Und-4 155.5 18.61 16.66 15.87 

Und-5 142.5 20.69 18.42 17.87 

Dist-1 48.25 9.53 8.99 8.92 

Dist-2 48.25 15.64 13.99 13.42 

 

 

Earthquake shear stress calculations 

Tab. 5 presents the result of seismic response analysis on a loess site in Lanzhou done by division of 

earthquake engineering of our institute. The time histories of earthquake shear stress with three 

exceedance probabilities were shown in Fig.3.  

 

 

 

Tab.5 The results of seismic response analysis on a site in Lanzhou 

Exceedance probability 
50年 

63% 10% 5% 

Seismic intensity 6.7 7.8 8.2 

PGA/gal 53.9 180.0 307.7 

Equivalent cyclic times 9 18 22 

  

 

According to the PGA values given in Tab. 5, we calculated the equivalent shear stress, τe , by equation 

(2). The corresponding results are shown in Tab. 6. 

 

Evaluation of liquefaction potential of saturated loess 

According to the above-mentioned assessment method of loess liquefaction potential, we evaluated the 

liquefaction potential of saturated loess and the compacted loess under different probabilities of 

exceedance through comparing the shear stress time history τ (t) at the saturated loess site with the related 

calculated result in Tab. 4 and Tab. 6.  The evaluated  results with IV grades are shown in Tab. 7. 
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Fig 2 The time histories of earthquake shear stress 

 

 

 

Tab.6 The equivalent shear stress, τe .  

Sample 

τe 

 63% in 50 

Years 

10% in 50 

Years 

5% in 50 

Years 

Und-1 2.71 9.05 15.47 

Und-2 5.32 17.77 30.38 

Und-3 4.64 15.49 26.49 

Und-4 4.85 16.20 27.70 

Und-5 4.53 15.12 25.85 

Dist-1 5.58 18.62 31.83 

Dist-2 6.19 20.69 35.37 

 

 

 

Tab.7 Liquefaction potential under the effect with different exceedance probabilities 

Sample Depth/m 

A Evaluation of liquefaction potential 

50 years 50 years 

63% 10% 5% 63% 10% 5% 

Und-1 6 25 32 45 Ⅳ Ⅳ Ⅳ 

Und-2 11 1 11 13 Ⅰ Ⅱ Ⅱ 

Und-3 9 1 8 10 Ⅰ Ⅰ Ⅱ 

Und-4 9 1 11 14 Ⅰ Ⅱ Ⅲ 

Und-5 9 1 11 13 Ⅰ Ⅱ Ⅱ 

Dist-1 6 8 14 28 Ⅱ Ⅲ Ⅳ 

Dist-2 6 4 11 15 Ⅱ Ⅱ Ⅲ 

Ⅰ- unliquefiable, Ⅱ-light liquefiable, Ⅲ-moderate liquefiable, Ⅳ-completely liquefiable 
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RELATIONSHIP BETWEEN LIQUEFACTION POTENTIAL OF SATURATED LOESS AND 

ITS PHYSICAL PARMETERS 

 

Relationship between liquefaction potential of saturated loess and the initial void ratio 

Fig. 3 shows the relationship between initial void ratio of saturated loess, e, and stress ratio of 

liquefaction, σd/2σ0', under different cyclic times. In the figure, cyclic times still use equivalent cyclic 

times with the spatial correlation, whose exceedance probability is 63%, 10% and 5% respectively in 50 

years.  By fitting the various tested curves,  the relationship obeys a power function shown as equation 

(3). 

 
b

axy            （3） 

 

From the figure, we can see that: (1) with the increasing of initial void ratio, the stress ratio of 

liquefaction obviously reduces for saturated loess, and the attenuating tendency obeys the power function 

approximately; (2) after initial void ratio reach 0.9, the reducing tendency of liquefaction stress ratio of 

the saturated loess becomes gradually slow; (3) with increasing of the initial void ratio, the difference 

among liquefaction stress ratio with the same cyclic times decreases gradually for different saturated 

loess; This indicated that the liquefaction potential has obvious difference for different loess stratum with 

different initial void ratio. That is to say,  the initial void ratio of loess is one of important factors which 

impacts liquefaction potential of saturated loess. 
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Fig.3 The influence of initial void ratio, e, on stress ratio of liquefaction 

 

Relationship between liquefaction potential of saturated loess and the plastic index 

Fig. 4 showes the relationship between the plastic index, Ip, and stress ratio of liquefaction of saturated 

loess.  In the figure, all of the cyclic times are 20. The tested data comes for Qinwangchuan loess and the 

data which Dr. Prakash used to study the influence of Ip on stress ration of liquefaction (Prakash S, Guo 

T , 1998). The dry densities of the samples ranges from 1.35 to 1.64g/cm
3
. 
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Fig.4 The influence of plastic index, Ip, on stress ratio of liquefaction 

 

It is easily found that with the increase of plastic index, stress ratio of liquefaction of saturated loess 

increases and the liquefaction potential of loess decreases. In the figure, various curves follow a power 

function shown in equation (4). 

 

cbxaxy  2
  （4） 

 

In the figure, the tested data of σd/2σ0' in the range of Ip=6-9 is some discrete. This may be caused by the 

difference of initial void ratio of each samples. The e of Prof. Prakash’s samples is 0.644, and it is less 
than that of Qinwangchuan loess. So its stress ratio of liquefaction is greater, which is coincident with 

Fig.3.  It is shown again that the initial void ratio is the primary factor to affect the liquefaction potential 

of saturated loess, although Ip also has important implications for it. 

In order to study liquefaction potential of saturated loess among different Ip, we evaluated the 

liquefaction potential of Prakash’s samples. Tab.8 presents the evaluation results. 

 

 

 

Tab.8 The evaluation results of Liquefaction potential for Prakash’s samples 

Sample 
Calculate depth 

（m） 
Ip τ τe A 

Evaluation of 

liquefaction potential 

par-1 6 5 9.54 11.42 13 Ⅲ 

par-2 6 6.5 11.36 11.42 12 Ⅲ 

par-3 6 8 12.72 11.42 11 Ⅱ 

par-4 6 8.8 13.63 11.42 11 Ⅱ 

par-5 6 15.3 19.09 11.42 8 Ⅰ 

      Ⅰ- unliquefiable, Ⅱ-light liquefiable, Ⅲ-moderate liquefiable 
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THE INFLUENCE OF DEPTH ON LIQUEFACTION POTENTIAL OF SATURATED LOESS  

 

Owing to the change of depth, the formation age, compactness, water content and grain composition of  

loess will be changed. So the depth of saturated loess is selected as one of major factors of influencing  

liquefaction potential. In this paper, when the relationship between stress ratio of liquefaction and depth 

was studied, the other two factors, initial void ratio and plastic index, were hypothesized to not change.  

In the tests and analysis, the initial void ratios of the samples are fixed to 0.7 and 0.8 respectively, and the 

plasticity index of them is 9.4.  Tab.9 presents the liquefaction potential of the loess samples in different 

depth.  

 

In Tab.9, the anti-liquefaction capacity of loess increases and the liquefaction potential decreases with 

increasing of the depth, which may be mainly due to the increase of overlying soil pressure. Considering 

that the density of the soil due to microstructure and gradation will increase with increasing of the depth 

in real engineering practice, the real anti-liquefaction capability of undisturbed loess will greater than 

evaluation results in the same condition. That is to say, the attenuation of liquefaction potential with 

depth increasing should be even greater. 

 

 

 

Tab.9 liquefaction potential of the samples in different depths 

e 
depth

（m） 

Evaluation of liquefaction potential 

63% in  

50 years  

10% in  

50 years  

5% 

In 50 years 

0.7 

6 Ⅱ Ⅱ Ⅲ 

8 Ⅱ Ⅱ Ⅲ 

10 Ⅱ Ⅱ Ⅲ 

12 Ⅱ Ⅱ Ⅱ 

15 Ⅱ Ⅱ Ⅱ 

18 Ⅰ Ⅱ Ⅱ 

20 Ⅰ Ⅰ Ⅱ 

0.8 

6 Ⅱ Ⅲ Ⅳ 

8 Ⅱ Ⅲ Ⅳ 

10 Ⅱ Ⅲ Ⅳ 

12 Ⅱ Ⅲ Ⅳ 

15 Ⅱ Ⅲ Ⅳ 

18 Ⅰ Ⅲ Ⅳ 

20 Ⅰ Ⅲ Ⅲ 

Ⅰ- unliquefiable, Ⅱ-light liquefiable, Ⅲ-moderate liquefiable, Ⅳ-completely liquefiable 

 

 

THE METHOD OF EVALUATING LIQUEFACTION POTENTIAL OF LOESS 

 

According to the above-mentioned tests, calculation and analysis, we could propose a method of 

evaluating saturated loess liquefaction potential based on physical parameters and the minimum depth of 

the loess, which is summarized in Tab.10. 
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Tab.10 Physical parameters and the minimum depth of liquefaction potential evaluation 

Liquefaction 

grade 

Exceedance probability in 50 years 

63% 10%  5% 

unliquefiable  
e＜0.8,ds≥18 

Ip＞7.2,ds＞9 

e＜0.7,Ip＞9 

e＜0.7,ds≥20 

e＜1.0,Ip＞15.3 

 

light liquefiable 
e＜0.8,Ip＞7.2, 

6＜ds≤18 

e＜0.7,ds≤18 

e＜1.0,Ip＞6.5 

e＜0.7,ds＞12 

e＜1.0,Ip＞7.6 

moderate 

liquefiable 

0.8＜e＜1.1, 

ds＞12 

① 0.8≤e＜1.1 

② e＜1.0,Ip≤5 

e＜0.7,ds≤10 

e＜0.7,ds＞20 

e＜1.0,Ip＜7.6 

completely 

liquefiable 

①0.8＜e＜1.1, 

ds＞12 

②e＞1.1 

e≥1.1 
e＞0.8 

e＜0.8,ds≤18 

 

 

 

CONCLUSIONS 

 

Based on the dynamic triaxial liquefaction test for the loess of Qinwangchuan and Donggang site, 

Lanzhou, China, liquefaction potential of the saturated loess in the two sites was evaluated. Meanwhile, a 

simple method of preliminarily evaluating liquefaction potential of loess is proposed. The following 

research achievements are gained. 

(1) Saturated loess has high potential of liquefaction under the effect of dynamic loading, even if under   

      the effect of seismic intensity of VII. 

(2) The initial void ratio and plastic index have predominant impact on the liquefaction potential of the    

      saturated loess. With the decrease of the initial void ratio, saturated loess liquefaction potential    

      significantly decreases, while the anti-liquefaction capacity of saturated loess increases with the  

      plastic index increasing.  

(3) Depth has a comprehensive impact on the liquefaction potential of saturated loess. The greater the  

      depth is, the  less the liquefaction potential of the saturated loess has;  

 (4)The method of preliminarily evaluating loess liquefaction potential is proposed based on the physical   

      parameters and site condition, which may be used in engineering seismic design with some safety  

      margin. 
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