
 
 

1 INTRODUCTION 
 
The static liquefaction of mine tailings has caused numerous recent tailings storage facility (TSF) 
failures, such as the 2015 Fundao failure in Brazil, the 2018 Cadia failure in Australia, and the 
2019 Brumadinho failure in Brazil. These failures have caused unprecedented devastating conse-
quences for the environment, infrastructure damage, and loss of human life; they have been in the 
spotlight of the mining, engineering, and environmental communities. For example, the 2015 
Fundao TSF failure is considered as the biggest unprecedented environmental disaster in Brazil.  

Static/flow liquefaction in granular material is associated with a state of instability followed by 
sudden increases in strain and pore water pressure. It can occur in any saturated or near-saturated 
contractive materials, such as very loose sands, silts, as well as mine tailings. Previous research 
has suggested that the instability onset triggers at a characteristic stress ratio. This concept is il-
lustrated in Figure 1a using undrained triaxial tests from Lade (1999). In particular, Lade (1999) 
highlighted that the stress state at the point of instability for samples with the same initial density 
but under different confining stresses are aligned on a unique line called the instability line. This 
so-called instability line represents the stress conditions in which flow liquefaction triggers, lead-
ing to the potential instability region shown in Figure 1a. 

Experimental studies have highlighted the role of the rotation of principal stress axes (𝛼𝜎) and 
the intermediate stress ratio (𝑏) on the onset of flow liquefaction. For example, Yoshimine et al. 
(1998) and Georgiannou & Tsomokos (2008) used the hollow cylinder apparatus to evaluate the 
influence of principal stress direction and intermediate principal stress on the onset of flow lique-
faction. A typical hollow cylinder element and the corresponding stress state are shown in  Figure 
1b. The experimental studies consistently showed that sand specimens that were loaded under a 
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large intermediate principal stress or under a large rotation of the principal stress axis had a lower 
instability stress ratio. Other studies have also highlighted the role of initial fabric on instability 
triggering. For instance, Miura & Toki (1982), Yang et al. (2008), and Sze & Yang (2014) showed 
that specimens prepared following different reconstitution methods while maintaining similar 
loading conditions exhibited significantly different behaviors, highlighting the initial fabric ef-
fects. 

The instability onset associated with flow liquefaction has also been studied numerically and 
analytically, with more efforts focusing on triaxial conditions. For example, Najma & Latifi 
(2017) used undrained stress paths and the instability definition at their peak to derive an instabil-
ity criterion in terms of hardening modulus. A closed formulation was obtained for the model of 
Dafalias and Manzari (Dafalias & Manzari, 2004) and other constitutive models, focusing on tri-
axial conditions. This work was later expanded (Najma & Latifi, 2017, 2018), considering the 
multiaxial version of the model by Dafalias & Manzari (2004). These previous studies have em-
phasized that the predictive performance of the different instability criteria depends on that of the 
constitutive model at play. Thus, including fabric anisotropy effects has not been feasible in these 
previous studies due to the limitations of the constitutive models employed. 

In this study, we derive an analytical instability criterion for granular materials under undrained 
loading by using the relatively new anisotropic critical state theory (ACST). The criterion is es-
tablished using the SANISAND-F model, and it is amenable to incorporating the effects of inher-
ent and induced fabric. We use the established criterion to numerically assess different alternatives 
to investigate the effects of fabric anisotropy in triggering instability. We explore the effects of 
the rotation of principal stress direction, intermediate stress ratio, and the initial fabric intensity 
on the slope of the instability line estimated from the criterion.  

2 THE SANISAND-F MODEL 
 
The SANISAND-F model was recently proposed by Petalas et al. (2020). It is an extension of the 
critical two-surface plasticity model presented in Dafalias & Manzari (2004). The model is for-
mulated within the ACST (Li & Dafalias, 2012), which accounts for the effect of fabric anisotropy 
on the mechanical behavior of granular soils. For a detailed presentation of the model and the 
ACST, the reader is referred to Li & Dafalias (2012) and Petalas et al. (2020). 

In addition to the features of the DM04 (Dafalias & Manzari, 2004) model, the SANISAND-F 
model utilizes a deviatoric fabric tensor 𝑭 as an evolving state variable. A scalar-valued Fabric 
Anisotropy Variable, 𝐴 = 𝑭: 𝒏′, is then introduced as a measure of relative orientation between 

          
          
                           

                   

        
     

         
           

Figure 1 (a) Illustration of Instability line in a 𝒑′ − 𝒒 space, considering undrained triaxial com-
pression tests. Modified from Lade (1999)  (b) Element in a hollow cylinder specimen showing 

stress components and highlighting principal stress rotation 𝜶𝝈 and intermediate stress-ratio 𝒃. 
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loading (𝒏′) and fabric directions (𝑭). The original critical state conditions are enhanced as pro-
posed in Li & Dafalias (2012) via 𝐴 = 𝐴𝑐 = 1, which denotes that at critical state the fabric and 
loading direction coincide. The isotropic state parameter 𝜓 (Been & Jefferies, 1985) is enhanced 
with the effect of fabric via the dilatancy state parameter 𝜁. The new state parameter determines 
the estimated dilatancy, which depends on fabric anisotropy, and the model's response becomes 
more contractive as the difference in fabric and loading orientation increases. In this study, we 
used the material parameters suggested by Petalas et al. (2020) (see Table 1), who calibrated the 
model against the experimental results from Yoshimine et al. (1998). Figure 2 shows the perfor-
mance of SANISAND-F model in comparison to DM04 model when compared to experimental 
results in triaxial compression and extension tests. It can be observed that the DM04 model cannot 
predict the onset of static liquefaction in triaxial extension experiments. In contrast, SANISAND-
F model match both triaxial compression and extension test results. 

 
Table 1 SANISAND-F parameters 

Description Symbol Values 
Elasticity 𝐺0 125 

𝑣 0.05 
Critical state 𝑒𝑟𝑒𝑓 0.934 

𝜉 0.7 
𝜆 0.019 

𝑀𝑐 1.25 
𝑐 0.75 

Plastic modulus ℎ1 7.5 
𝑐ℎ 0.85 
𝑛𝑏 1.4 

Yield surface 𝑚 0.01 
Dilatancy 𝐴0 0.704 

𝑛𝑑 3.5 
Fabric 𝑒𝐴 0.0818 

𝐹𝑖𝑛 0.5 
𝑐0 5.2 
ℎ2 1.3 
𝒏𝐹 

[

2/√6 0 0

0 −1/√6 0

0 0 −1/√6
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Figure 2 Performance of SANISAND-F in comparison to DM04 model 



3 FLOW LIQUEFACTION INSTABILITY CRITERION 

Analytical flow instability criteria can be derived using the fabric-dependent multi-axial SANI-
SAND-F constitutive model for undrained loading following the procedure presented in Najma & 
Latifi (2017). Two main conditions can be used to derive the instability criterion from the SANI-
SAND-F equations; the first is the undrained loading condition where the rate of volumetric strain 
is zero, i.e., 𝑑𝜖𝑣 = 0 and second is the condition of the slope of undrained stress path at instability 
point on the stress space is zero, i.e., 𝑑𝑞/𝑑𝑝 = 0.  Using these two conditions, two instability 
criteria can be derived, i.e., 𝐻1 = 𝐾𝑝 − 𝐾𝑝,𝑓 = 0 and 𝐻2 = 𝛽 − 𝛽𝑓 = 0. Where 𝐾𝑝 is the current 
plastic modulus and 𝐾𝑝,𝑓 is the estimated plastic modulus at the instability point. Similarly, 𝛽 is 
the current stress-ratio and 𝛽𝑓 is the estimated stress-ratio at the instability point. More details on 
the step-by-step procedure of the derivation of instability criterion are presented in Bokkisa et al. 
(2022). 

Figure 3a and 3b show the evolution of the instability criteria 𝐻1 and 𝐻2 while Figure 3c and 3d 
show the stress-strain response of numerical simulations performed at an initial void ratio of 0.89, 
and confining stress of 𝑝0 = 500 𝑘𝑃𝑎 for a hollow cylinder loading path with constant principal 
stress direction, 𝛼𝜎 = 45𝑜, and intermediate stress ratio, 𝑏 = 0.5 (refer Fig. 1b for 𝛼𝜎 and 𝑏). It 
can be observed that the first criterion yields two instances where 𝐻1 = 0 (see Figure 3a): the first 
point marks the onset of flow liquefaction, while the second represents a change from contractive 
to dilative behavior, also known as the transformation point (Andrade et al., 2013, Ishihara, 1993). 
Note that the two-criterion used for the instability assessment, i.e., 𝑑𝜖𝑣 = 0 and 𝑑𝑞/𝑑𝑝 = 0 also 
gets satisfied at the transformation point, hence the 𝐻1 criterion results in two points.  By contrast, 
the 𝐻2 = 0 criterion (see Fig. 3b) predicts only the onset of flow liquefaction point. Note that both 
𝐻1 and 𝐻2 criteria are consistent in identifying the onset of flow liquefaction, and from here on, 

unless specified, we use only the 𝐻2 criterion to predict flow liquefaction instability point. 
Next, to illustrate the concept of an instability surface, we conduct simulations at constant 𝛼𝜎 =

[0𝑜, 45𝑜] and varying the Lode angle, 𝜃, with values from 0𝑜 to 360𝑜. Note that if the principal 
stresses are in the order 𝜎11 > 𝜎22 > 𝜎33, the intermediate stress ratio is given by 𝑏 = (𝜎22 −
𝜎33)/(𝜎11 − 𝜎33), which is also related to the Lode angle, 𝜃 =

𝜋

6
+ tan−1 (

2𝑏−1

√3
). The instability 

points predicted from these simulations can be plotted in a 𝜋-plane of the deviatoric stress-ratio 
space to visualize an instability surface, as shown in Figure 4. Note that the Lode angle 𝜃 = 0𝑜 

Figure 3 SANISAND-F simulation of a hollow cylinder test (a & b) the 𝑯𝟏 and 𝑯𝟐 criterion 
(c&d) stress-strain and stress path  response 



corresponds to 𝑏 = 0 while 𝜃 = 60𝑜 corresponds to 𝑏 = 1. For 𝜃 > 60𝑜 only the Lode angle will 
be used to refer to the loading path. The instability surface separates the stable stress states from 
the unstable stress states in terms of flow liquefaction. Interestingly, it can be observed that the 
instability surface is not symmetrical with respect to all the major axes in the stress space (i.e., the 
𝜃 = 0𝑜-𝜃 = 180𝑜, 𝜃 = 60𝑜-𝜃 = 240𝑜, and 𝜃 = 120𝑜-𝜃 = 300𝑜 axes), as typically observed in 
constitutive models under the classical critical state framework (e.g., DM04). This is attributed to 
the effect of fabric anisotropy that is incorporated by the ACST framework. Note that when 𝛼𝜎 =
0𝑜 the instability surface is symmetrical with respect to the major axes, 𝜃 = 0𝑜-𝜃 = 180𝑜 in stress 
space (refer Figure 4). This is due to the fact that when 𝛼𝜎 = 0𝑜 the principal axes of loading and 
fabric tensor align with each other thus allowing symmetry in the horizontal directions. 

4 STRESS PRINCIPAL AXIS ROTATION, LODE ANGLE, AND FABRIC EFFECTS ON 
THE ONSET OF STATIC LIQUEFACTION 

A series of numerical simulations with varying stress principal axis rotations (𝛼𝜎), Lode angle 
(𝜃), and initial fabric intensity (𝐹𝑖𝑛) are performed in this section to investigate their effect on the 
triggering of flow instability. Note here that stress principal axis rotation represents the constant 
and fixed rotation of 𝛼𝜎 during undrained shearing. Moreover, undrained hollow cylinder exper-
iments performed by Yoshimine et al. (1998) are simulated for validation of the modeling proce-
dure. All the simulations are done with SANISAND-F using the set of material parameters pre-
sented in Table 1. 

4.1 Effect of principal stress axis rotation 𝛼𝜎 
 
Figure 5 presents the simulation results of tests with initial void ratios in the range of 0.821-0.828, 
initial confinement 𝑝0

′ = 100 kPa, 𝜃 = 30𝑜 (𝑏 = 0.5), and different 𝛼𝜎 values i.e., 
[15o, 30o, 45o, 60o, 75o]. The experimental results from Yoshimine et al. (1998) are also pre-
sented for comparison. In the experiments, the instability point (marked with an open circle) cor-
responds to the local peak in the 𝑝′ − 𝑞 space. The 𝐻2 instability criterion is also tracked for the 
numerical simulations, and the open circles on the numerical-based curves correspond to the stress 
ratios satisfying it.   

Figure 4 Instability surface obtained from the numerical simulations of a hollow cylinder test with 
constant Lode angle (𝜽) and constant stress principal axis rotation (𝜶𝝈) using Toyoura sand proper-
ties with 𝒆 = 𝟎. 𝟖𝟗 𝒂𝒏𝒅 𝒑𝒊𝒏

′ = 𝟓𝟎𝟎 kPa (a) for 𝜶𝝈 = 𝟎𝒐 (b) for 𝜶𝝈 = 𝟒𝟓𝒐 



The increasing contractive behavior with the increase of 𝛼𝜎 is well captured by the SANI-
SAND-F model, which also reproduces with acceptable accuracy the stress-strain response as also 
discussed in Petalas et al. (2020). In all cases, after the flow instability point, a phase transfor-
mation from a contractive to a dilative tendency is observed. This response is also well captured 
by the model.   

 

Figure 6 Numerical estimation of instability surfaces for tests with constant 𝜶𝝈 = [𝟏𝟓𝒐 − 𝟕𝟓𝒐] on 
Toyoura sand with 𝒆 = 𝟎. 𝟖𝟐𝟏 − 𝟎. 𝟖𝟐𝟖. Instability points corresponding to 𝒃 = 𝟎. 𝟓 (𝜽 = 𝟑𝟎𝒐) are 

plotted on instability surfaces when defined (for 𝜶𝝈 = 𝟔𝟎𝒐 and 𝜶𝝈 = 𝟕𝟓𝒐) 

Figure 5 Experimental data (a,b) and SANISAND-F simulations (c,d) for undrained shearing 
with constant θ=30^o  (b=0.5) and constant α_σ=15^o-75^o on Toyoura sand with e=0.821-0.828. 

Data from Yoshimine et al. (1998) 



 
 
 
Figure 6 shows the instability surfaces on the deviatoric plane estimated for loading paths with 

different 𝛼𝜎, using the procedure discussed in Section 3. Note that the instability surface is dis-
continuous due to the fact that flow instability does not occur for every combination of angles 𝜃 
and 𝛼𝜎. For example, the surface is not defined for 𝜃 = 30𝑜 when 𝛼𝜎 = 15𝑜, 30𝑜, and 45𝑜 (i.e., 
there is no instability onset), but it is defined for 𝛼𝜎=60𝑜 and 75𝑜, which is consistent with the 
results in Figure 5. Of note, instability may be still triggered for other 𝜃 values (i.e., other loading 
paths) where the instability surface is defined when 𝛼𝜎=15𝑜, 30𝑜, and 45𝑜 as illustrated in Figure 
6. Interestingly, for a loading path in the downward 𝑟11 direction (i.e., 𝜃 = 180𝑜), we can see that 
there is an instability onset for 𝛼𝜎 = 15𝑜, but not for 𝛼𝜎 = 75𝑜, which is apparently in contrast 
with the observations in Figure 5. However, this observation is associated with the coupled effects 
between the loading direction and fabric orientation. The quantity 𝑁 = 𝒏′: 𝒏𝐹 measures the rela-
tive orientation between the fabric and loading directions. If the fabric and loading have the same 
direction (i.e., 𝑁 = 1), the computed behavior shows a hardening response. As the difference 
between the fabric and loading directions increases a softening response is enhanced. These ob-
servations are consistent with the results in Figure 5. where as 𝛼𝜎 decreases 𝑁 increases (i.e., it 
gets close to 1), causing an enhanced hardening response. For the 𝜃 = 180𝑜 loading path, when 
𝛼𝜎=15𝑜 the initial value of 𝑁 is -0.89, causing a softening response that triggers an instability 
condition. Whereas when 𝛼𝜎=75𝑜 the initial value of 𝑁 is 0.41, causing a hardening behavior 
with no instability triggering. 

4.2 Effect of lode angle 𝜃 (or intermediate stress ratio 𝑏)  
 
Figure 7 shows the SANISAND-F simulations of undrained tests on Toyoura sand with void ratio 
𝑒 = 0.855, initial confinement 𝑝0

′ = 100 kPa, 𝛼𝜎 equal to 45𝑜, and different 𝜃 values, i.e., 
[0𝑜, 13.9𝑜, 30𝑜, 46.1𝑜, 60𝑜] (corresponding to 𝑏 = [0,0.25,0.5,0.75,1]) using the same set of pa-
rameters as in previous simulations (i.e., Table 1). The experimental results from Yoshimine et 
al. (1998) are also presented for reference. Note the void ratio in experiments varies from 𝑒 =

Figure 7 Experimental data (a,b) and SANISAND-F simulations (c,d) for undrained shearing 
with constant 𝜶𝝈 = 𝟒𝟓𝒐 and constant 𝒃 = 𝟎  to 𝟏 on Toyoura sand with 𝒆 = 𝟎. 𝟖𝟓𝟓. Data from Yo-

shimine et al. (1998) 



0.849 − 0.861. A representative mid-value for the void ratio of 𝑒 = 0.855 is selected for simu-
lations. The numerical results are qualitatively consistent with the experimental results, i.e., as the 
𝑏 value increases, a more contractive response with lower peak values is observed. Notice also 
that there are more differences in the dilatancy response (i.e., experimental versus numerical) at 
large strains for large b values, which may be attributed to the dilatancy scaling in SANISAND-
F. However, in assessing instability conditions, the post-peak response is, comparatively, not as 
important as assessing the triggering (Sadrekarimi, 2014). The instability points estimated by the 
criterion 𝐻2 are also presented in Figure 7. The estimated instability surface for 𝛼𝜎 − 45𝑜 is pre-
sented in Figure 8, which also shows the instability points for different 𝑏 values. In Figure 7, 
instability triggers for all the considered 𝑏 values, which is consistent with Figure 8. In addition, 
the instability stress ratios (i.e., the distance from the instability surface to the origin) decrease as 
𝑏 increases, which is in agreement with the previous discussions. For higher Lode angles, i.e., 𝜃 
from 250𝑜 to 350𝑜, the simulations show hardening responses, and thus the instability surface is 
not defined. 

4.3 Initial soil fabric effects 
 To assess the effect of the initial fabric on the instability surface. A sensitivity analysis is per-
formed using different fabric intensities for the initial cross-anisotropic fabric direction. Figure 9 
(a) and (b) show the undrained constitutive response obtained for a constant loading path with 
𝛼𝜎 = 0𝑜 and 𝜃 = 0𝑜 (triaxial compression loading), a void ratio 𝑒 = 0.89, an initial confinement 
pressure 𝑝0

′ = 500 kPa, and a variable initial fabric intensity 𝐹𝑖𝑛 = [0.01,0.5,1.0], which includes 
the typical range of 𝐹𝑖𝑛 = 0 − 0.6 for Toyoura sand in different sample preparation methods (Gao 
& Zhao, 2015). Note that 𝐹𝑖𝑛 = 0.01 represents a nearly isotropic fabric and 𝐹𝑖𝑛 = 1.0 represents 
a highly anisotropic fabric. Such extreme fabric intensities are chosen along with the value 𝐹𝑖𝑛 =
0.5 (recommended in Petalas et al. (2020)) to highlight the influence of initial fabric on a wide 
range. It is observed that the constitutive behavior becomes more dilative as the fabric intensities 
increase from 0.01 to 1.0 (see Figure 9a,b). In fact, for a fabric intensity of 𝐹𝑖𝑛 = 1.0, there is no 
instability point detected. This is because, in the ACST framework the fabric anisotropy variable, 
𝐴 = 𝐹𝑁, controls the contractive (lower value of 𝐴) or dilative (higher value of 𝐴) behavior of 
the constitutive response in undrained loading. Where 𝐹 is the fabric intensity and 𝑁 is the relative 
orientation between fabric and loading directions. For the three cases in Figure 9(a,b), the value 
of 𝑁 = 𝒏𝐹: 𝒏′ is equal to 1, this is because the cross-anisotropic fabric (triaxial compression like 
fabric direction) and the triaxial compression loading have the same orientation. Thus, the value 

           

     

     

      

Figure 8 Numerical estimation of instability surfaces for tests with constant 𝜶𝝈 = 𝟒𝟓𝒐 on Toyoura 
sand with 𝒆 = 𝟎. 𝟖𝟓𝟓. Instability points corresponding to 𝒃 = 𝟎 − 𝟏 are plotted on instability sur-

faces 



of 𝐴 is equal to 𝐹 and for higher initial fabric intensity the constitutive response is more dilative 
and the instability stress-ratio is higher. Figure 9(c) and (d) show the results of numerical simula-
tions conducted with constant 𝛼𝜎 = 0𝑜 and 𝜃 = 180𝑜. It is now observed that the fabric intensity 
has an inverse effect on the constitutive response and the instability stress-ratio compared to the 
triaxial compression loading path. This is because, for the new loading path, the value 𝑁 = −1, 
implying 𝐴 = −𝐹, and thus causing the inverse effect. This highlights that the overall observed 
response (e.g., the instability triggering) is intimately related to coupled effects between the initial 

fabric and the imposed loading paths, which is at the core of the ACST framework. This is further 

Figure 10 Effect of initial fabric intensity on the instability surface obtained for various loading 
paths, 𝜽 varying from 𝟎𝒐 to 𝟑𝟔𝟎𝒐 with constant 𝜶𝝈 = 𝟎𝒐 

 

Figure 9 SANISAND-F simulations of undrained shearing with initial state of e=0.85, p_in^'=500 
kPa and different fabric intensities F_in=[0.01,0.5,1.0] subjected to constant α_σ=0^o and θ=0^o in 

(a) and constant α_σ=45^o and θ=0^o in (b). 



illustrated in Figure 10, which shows the effect of fabric intensity on the instability surface repre-
sented in the 𝜋-plane for loading paths with constant 𝛼𝜎 = 0𝑜. The effect of initial fabric intensity 
is clearly evident from the shapes of the instability surfaces. For 𝛼𝜎 = 0𝑜, the highest influence 
of fabric intensity on the instability point is observed for loading paths with 𝜃 values close to zero. 
The initial fabric effects at other loading paths, such as 𝜃 = 60𝑜, 𝜃 = 180𝑜, 𝜃 = 300𝑜 are also 
substantial.  

5 IMPLICATION TO MINE TAILING DEPOSITS 

In previous sections, the effects of inherent and induced fabric are assessed considering mechan-
ical properties corresponding to Toyoura sand, but it is worthwhile highlighting that the constitu-
tive models developed under the ACST framework are expected to be suitable for any particulate 
materials, including mine tailings, once the corresponding mechanical properties are accounted 
for (Macedo and Vergaray, 2022). Thus, the qualitative observations discussed in previous sec-
tions are expected to hold for mine tailings. In this context, having well-calibrated SANISAND-
F material parameters for different mine tailings gradations would allow quantifying typical re-
sponses for mine tailings where fabric anisotropy is included.  

In the design or condition assessment of TSFs, a geotechnical engineer is usually in charge of 
evaluating the TSF’s response to static liquefaction, which is an engineering aspect of major in-
terest. Fabric effects, which are expected to play an important role, are often ignored as it is diffi-
cult to account for them in engineering practice; however, the ACST framework with well-cali-
brated models opens an avenue for incorporating fabric effects on engineering assessments. In 
highlighting the importance of fabric effects, Figure 11 shows the state of stresses schematically 
on the upstream deposited tailings on the Fundao dam that failed on 2015. It can be observed that 
along the slope, different stress states like triaxial compression, rotated principal stresses, simple 
shear, and triaxial extension are exhibited. It is expected that the inherent tailings fabric, in com-
bination with the different loading paths and different initial consolidation states, played an im-
portant role in the static liquefaction instability triggering under the considerations discussed in 
previous sections of this paper. The proposed analytical criterion in this study is a step forward 
for incorporating inherent and induced fabric effects once mechanical properties are quantified. 

 
 
 
 

6 CONCLUSIONS 

In this study, the static liquefaction triggering in particulate materials under undrained loading 
conditions is investigated, considering the role of state, multiaxial loading, and fabric anisotropy. 
It was shown that the ACST framework provides benefits to account for generalized loading and 

Figure 11 Schematic representation of the stress states under the Fundao tailings dam that failed 
in 2015 



fabric effects, which are also expected to be of major importance on mine tailings. In this context, 
we derived criteria that predict instability conditions for generalized undrained loading, including 
anisotropy and fabric effects. An interesting finding is that the instability surface constructed us-
ing the derived criteria is not hexagonally symmetrical with respect to the origin in the stress 
space, which is expected to also hold true for mine tailings. This is due to the fact that within the 
ACST framework, the relative effects of soil fabric and the loading direction are taken into ac-
count in the estimation of the instability stress ratios. Thus, the resistance to static liquefaction 
(represented as the distance between the origin and the instability surface) changes as a function 
of the Lode angle and fabric anisotropy. In agreement with experimental results, the instability 
stress ratios estimated from the derived instability criteria are dependent on 𝑏 and 𝛼𝜎 and can also 
be significantly influenced by the initial fabric, which highlights coupling effects between the 
loading and fabric evolution. For example, the onset of instability for a given Lode angle and an 
increasing 𝛼𝜎 can be promoted or not, depending on the interactions between the loading and 
fabric directions.  
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