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ABSTRACT: Deformation analyses of tailings dams under dynamic conditions require using earthquake records as input load-

ing. These records must represent the local seismicity through ground motion power indicators denominated intensity measures 

(IM). The ability and accuracy to describe the characteristics of a seismic record play a fundamental role in earthquake engineer-

ing and damage assessment of geotechnical facilities. None of the existing IMs represents a robust enough predictor of a given 

seismic demand (e.g., residual displacements). Different signals may generate a wide spectrum of results, with various effects 

that could produce insignificant damage to global failure depending on the structure. Usual engineering procedures select a 

substantial number of records to overcome this limitation and develop a large set of numerical simulations to limit the results' 

uncertainty, which becomes a time-consuming approach. This paper presents a new high-fidelity seismic IM to perform a more 

accurate ground motion selection, which captures the spectral properties of the record for the frequency content that the dam 

does not filter. This IM represents a way to estimate beforehand a seismic demand, expressed, for instance, in terms of displace-

ments.  
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1 INTRODUCTION 

Selecting a set of ground motions representative of the 

local seismic condition is decisive when assessing dy-

namic liquefaction. Seismologists usually collect sev-

eral thousand seismic records. Then, they perform de-

terministic and probabilistic hazard analyses and choose 

a subset of records for analytical or numerical modelling 

purposes. Most of the available strategies, definitions 

and procedures used for this end are inherited from 

structural engineering, which is suitable when the ana-

lysed structure is, for instance, a concrete building with 

a well-known elastic regime and, therefore, with a nat-

ural period that can be computed. However, if the anal-

ysis is developed for soft-ground-made geotechnical 

structures such as tailings storage facilities (TSF), 

where the elastic regime is almost negligible, these tech-

niques might provide inaccurate outcomes. The authors 

believe that new definitions customised for geotech-

nical purposes represent an improvement opportunity 

and must be developed by our community to overcome 

those well-known limitations of poor correlations be-

tween IMs and actual structural demand. 

Over the last decades, researchers proposed several 

IMs characterise the destructive potential of a seismic 

record: peak ground velocity (PGV) and peak ground 

acceleration (PGA), the two most widespread but highly 

limited of them (Ebrahimian, 2012); Arias intensity 

(AI), which offers a notion of the total energy content 

of the signal (Arias, 1990); modified cumulative abso-

lute velocity measures such as CAV and CAV5, being 

the latter the integral of the acceleration after applying 

a 5 𝑐𝑚/𝑠2 acceleration threshold (Kramer, 2006); nor-

malised hysteretic energy, an empirical relation be-

tween dissipated shear energy and residual excess pore 

pressure ratio (Green, 2000); destructiveness potential 

factor 𝑃𝐷, defined in terms of the Arias and the zero 

crossing of the acceleration intensities (Araya & Sara-

goni, 1984), among others.  

Contributions related to dynamics/liquefiable soils 

are limited, although innovative approaches have been 

proposed during the last decade. Naeini et al. (2018) ad-

dressed the problem of tailings dams subjected to dy-

namic loads by focusing on detecting resonance points 

employing transfer functions. Kramer et al. (2016) re-

viewed procedures to detect the time of liquefaction 

triggering, comparing their performance with empirical 

methods. The research focused on signal analysis using 

short-term Fourier transform (STFT), spectrograms, 

wavelets transforms and Stockwell spectrum proce-

dures, showing that the mean frequency content tends to 

reduce in signals recorded above a liquefied stratum. 

Despite advances in this subject matter, tailings engi-

neering keeps using correlations of engineering demand 

parameters with classical IMs, usually leading to highly 

scattered results. In this sense, Labanda et al. (2021) 

showed that computing the spectral properties of the 
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seismic signals in low frequencies can accurately pre-

dict the liquefaction triggering in tailings dams under 

strong ground motions when demand is simulated using 

numerical and analytical methods, showing the ap-

proach as a tool to know a-priori the seismic demand. 

This paper presents a high-fidelity seismic intensity 

measure based on spectral features of the seismic input 

record suitable to assess tailings dam failure. The paper 

complements other contributions published by the au-

thors, now focused on assessing the accuracy of spectral 

approaches for mid-to-low intensity seismic records. 

This new IM produces a preliminary estimate of the 

seismic demand of any given set of earthquakes. The 

proposal is validated by selecting the most demanding 

earthquakes and showing that this method strongly cor-

relates with the displacement contours obtained in dy-

namic numerical models for an upstream TSF undergo-

ing dynamic liquefaction. 

2 SEISMIC INTENSITY MEASURE 

2.1 Definition 

The proposed intensity measure is computed using 

spectral decomposition using the Fast Fourier Trans-

form (FFT), an efficient implementation of the Discrete 

Fourier transform (DFT). In this sense, each seismic 

record is decomposed into trigonometrical functions 

with different frequency contents and amplitudes, 

which allows computing the spectral power for each 

discrete frequency. The formulation is stated in a dis-

crete space, assuming a discrete seismic signal {an} =a0, a1, … , aN−1 expressed as a finite set of 𝑁 elements 

uniformly spaced of time-history accelerations. The 

DFT of the seismic records is defined employing Euler's 

formula: 

 ℱ{an}(j) = {𝐴𝑗}  = ∑ 𝑎𝑛𝑁−1𝑛=0 ⋅ 𝑒−2𝑖𝜋𝑗𝑛𝑁             (1) 

 

where {Aj} is a set of complex vectors representing the 

amplitude and phase of a complex sinusoidal compo-

nent and 𝑗 is an integer representing the frequency do-

main. The power spectrum density in terms of the fre-

quency is defined as the norm of the amplitude in each 

discrete frequency as follows: 

 𝒮(𝑗) = ||ℱ{𝑎𝑛}(𝑗)||2                                               (2) 

 

Then, the intensity measure defined in terms of the spec-

tral power of the signal in all the frequency windows 

reads: 

 𝑃0−∞ = ∑ 𝒮(𝑗)Δ𝑗∞𝑗=0                                                 (3) 

 

where Δ𝑗 is the frequency sampling. It was proved that 

soil liquefaction is sensitive to the energy content in low 

frequencies (Kramer, 2016; Labanda 2021). For practi-

cal purposes, the seismic intensity measure used is a 

windowed version of the spectral power expressed in 

equation (3), where the highest frequency considered 

for the calculations is the limit of power accumulation, 

i.e., P0−X Hz is the accumulated power between the fre-

quencies 0 to X  Hz.  

Due to Parseval's Theorem, when the amplitude is inte-

grated on its full frequency domain, the proposed inten-

sity measure expressed in terms of the spectral decom-

position tends to represent classical intensity measures 

based on the integration of the seismic signal, such as 

the Arias intensity. In this way, the spectral power ap-

proach presented here emerges as a generalisation of 

classical IMs. The spectral power is usually expressed 

in a non-dimensional manner to be plotted using a so-

called spectrogram, which shows the signal decomposi-

tion in terms of time, frequency and spectral power. 

Then, the spectral power expressed in decibels 𝑑𝐵 can 

be computed as follows: 

 PdB = 10 log10 ( PPr)                                                  (4) 

 

where 𝑃 is the computed spectral power and 𝑃𝑟 = 101.5 

is a reference power. The reference power behaves like 

a simple shift in the accumulated power and does not 

modify the proposed intensity measure.  

2.2 Characterisation of seismic records 

A set of 14 records of site-representative seismic signals 

were scaled using records from the PEER NGA-West2 

database and following hazard curves obtained from a 

seismic hazard analysis using a recurrence period of 

50,000 years. Then, the PGA of the original records was 

scaled to 0.213𝑔, and all of them correspond to seismo-

graphs located on dense soil/soft rock (NEHRP site 

class C). This signal pre-processing is out of the scope 

of this paper, and the discussion limits to show the nov-

elty of our approach to predicting the most demanding 

record. 

Many available signals include extended periods of 

near-zero acceleration at the start and finish of the re-

cordings, unnecessarily impacting the computation time 

when running numerical models. As part of these 

works, records are processed following the PEER pro-

cedure. This methodology consists of low and high-pass 

Butterworth filters applied in the frequency domain, ap-

plying a simple baseline correction for those cases 

where filtering did not remove non-physical trends in 

the displacement time series. In addition, signals are 

truncated such that the remaining energy is 99% of the 

original signal. 

The main characteristics of scaled records are summa-

rised in Table 1. The spectral power of four frequency 



A high-fidelity intensity measure to assess dynamic liquefaction in tailings 

       3 NUMGE 2023 - Proceedings 

windows is included together with arias intensity (AI). 

Spectral power is expressed in relative terms, i.e. the ar-

gument of the logarithm, as explained in equation (4).  
 

Table 1. Seismic records used for the dynamic liquefaction analyses 

Label Event Name Direction Duration 

[sec] 

AI 

[m/s] 

𝑷𝟎−𝟏.𝟓/𝑷𝐫 

[-] 

𝑷𝟎−𝟐.𝟎/𝑷𝐫 

[-] 

𝑷𝟎−𝟐.𝟓/𝑷𝐫 

[-] 

𝑷𝟎−𝟑.𝟎/𝑷𝐫 

[-] 

1A Northridge EW 27.98 7.086 2608 3717 5064 6511 

1B Northridge NS 27.98 4.515 1595 2187 2808 3357 

2A Chi-Chi (TCU064) EW 66.99 8.716 4930 6685 8491 10336 

2B Chi-Chi (TCU064) NS 66.99 9.620 6797 9277 11803 14295 

3A Chi-Chi (TCU082) EW 70.995 5.301 1168 1797 2581 3463 

3B Chi-Chi (TCU082) NS 70.995 8.013 2121 3099 4207 5365 

4A Chi-Chi (TCU076) EW 71.995 7.100 4571 6193 7754 9164 

4B Chi-Chi (TCU076) NS 71.995 6.067 1907 2618 3365 4120 

5A Tottori EW 251.995 11.633 2127 2895 3678 4445 

5B Tottori NS 251.995 11.558 3162 4236 5324 6422 

6A Chetsu-oki EW 183.99 8.955 3125 4174 5284 6286 

6B Chetsu-oki NS 183.99 8.045 2796 3918 5159 6211 

7A Christchurch EW 47.98 4.001 915 1404 2027 2671 

7B Christchurch NS 47.98 4.630 581 848 1179 1533 

The 14 selected records correspond to seven events, 

where signals in east-west (EW) and north-south (NS) 

directions were adopted. If, as usual, we followed the 

Arias intensity as characteristic of the structure's de-

mand, we would wrongly conclude that the Tottori 

events in EW and NS directions are the stronger ground 

motions. As a counterpart, when using the proposed in-

tensity measure, we predict the most demanding record 

to be Chi-Chi Taiwan 05 (TCU064) NS and EW, along 

with Chi-Chi Taiwan 05 (TCU076) EW. In the follow-

ing section, we show that this last prediction is the right 

one, while the Tottori earthquake ranks as an average 

demanding event as it is also well predicted by our IM.  

3 NUMERICAL MODEL  

3.1 Simulation layout 

The analyses aim to estimate the earthquake-induced de-

formations and assess the TSF’s vulnerability to lique-

faction under seismic loading, computing the demand at 

two points on the slope: one on the crest and the other 

on the base. For the dynamic analysis itself, the follow-

ing procedure was conducted: 

• Dynamic deformation analyses using the PM4Sand 

model for accounting for the potential of induced tail-

ings liquefaction. 

• Time evolution of the displacement fields and excess 

pore pressures during and after each seismic event. 

• Assessment of a potential failure surface due to seis-

mically induced tailings liquefaction. 

The PM4Sand constitutive model is used to simulate the 

dynamic behaviour of the tailings. The reader can find a 

detailed explanation of these constitutive models in 

Boulanger & Ziotopoulou (2017). Standard finite ele-

ment plane-strain analyses are performed using PLAXIS 

2D. The TSF mesh and materials are shown in Figure 1. 

The full interaction between the ground, materials and 

pore water is simulated by employing finite element 

technologies capable of simultaneously reproducing the 

behaviour of the solid and fluid phases of the various 

materials that make up the TSF and its foundation. The 

model uses 2nd-order Lagrange (6-nodes) triangular ele-

ments for the staged construction and also for the dy-

namic stages, as these are more stable numerically for 

the latter type of analysis. The mesh size has been con-

firmed to be appropriate for dynamic modelling, follow-

ing Lysmer & Kuhlemeyer (1969). 

 
Figure 1. Finite element mesh and materials. 

 

Figure 2 displays several stages of the TSF raising se-

quence. We computed steady-state seepage flow for 

each construction phase. The staged construction simu-

lation of the facility is summarised as follows: 

• Computation of initial stress state at the foundation 

• Construction of the starter embankment 
• Tailings raise using a rate in agreement with real pro-
cedures 

• The dam's raising used the Hardening Soil Small 

model (HS-small) in the materials, and tailings switched 

to PM4Sand right before the dynamic phase. 
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Figure 2. Staged construction. 

Free-field boundary conditions are used on the left 

and right ends of the model. At the bottom, a compliant 

base boundary condition is employed, where the accel-

eration-time signals are input. According to the standard 

procedure for compliant bases, the input signal must be 

50% of the acceleration recorded in time histories to 

consider that the outcrop motion is characterised by the 

upward incoming and downward reflected waves. 

3.2 Constitutive models for staged construction  

Tailings are mostly saturated and loose with a clear con-

tractive behaviour under static and dynamic undrained 

loading, producing stain softening due to the generation 

of excess pore pressures. Consequently, chosen consti-

tutive models must be able to represent this kind of 

quasi-brittle behaviour in the numerical simulation. The 

deformation analysis presented in this document uses 

the following constitutive models: 

 

• Hardening Soil with Small Strain Stiffness (HSS): 
used to simulate the mechanical behaviour of tailings 

and non-tailings materials during the staged construc-

tion until its final elevation. This model is chosen based 

on its capability to reproduce various stress paths in 

drained and undrained conditions with satisfactory out-

comes for a wide spectrum of geomaterials.  

• Plasticity Model for Sand (PM4Sand): used to simulate 
tailings material behaviour during the dynamic defor-

mation modelling. The model is chosen due to its ability 

to reproduce the excess pore pressure generation under 

cyclic loading and accurately reproduce the N-CSR 

curves for different relative densities of the soil.  

• Permeabilities in coupled phases are considered differ-
ent for the horizontal direction 𝑘ℎ and the vertical 𝑘𝑣, 

where the latter is usually lower due to the deposition 

method.  

For tailings material, some parameters are adjusted to 

reproduce the strain-softening with compatible peak/re-

sidual shear strength ratios. For sake of brevity, HS-

small model parameters obtention for each geotechnical 

unit is not discussed. Finally, for this numerical exer-

cise, a Rayleigh damping ratio of 2% is assumed for all 

materials. 

3.3 Dynamic stage setup 

The dynamic modelling starts from the last staged con-

struction phase, representing the TSF crest at 130 m 

(i.e., the highest tailings level). For the PM4Sand model, 

the parameters are adopted following the procedure il-

lustrated in Figure 3 and described as follows: 

• The average mean effective stress is obtained as an out-

put from the last phase of the staged construction for dif-

ferent zones of the model. 

• The state parameter ψ = 0.1 is adopted.  

• The relative density is estimated based on the average 

mean effective stress and the state parameter selected. 

• The relative density and the other PM4Sand parame-

ters defined in Table 2 are assigned for each soil cluster. 

 

 
Figure 3. State parameter adoption procedure for PM4Sand. 

 

Table 2. PM4Sand model parameters for tailings 

Parameter Unit Value 𝜸𝒔𝒂𝒕 𝑘𝑁/𝑚3 22.0 𝑮𝟎 - 550 𝒉𝒑𝟎 - 15 𝒑𝒓𝒆𝒇 𝑘𝑃𝑎 103 𝒆𝒎𝒂𝒙 - 1.05 𝒆𝒎𝒊𝒏 - 0.35 𝒏𝒃 - 0.50 𝒏𝒅 - 0.20 𝝓𝒄𝒗′  ° 33 𝛎 - 0.30 𝐐 - 10.0 𝐑 - 2.4 𝑫𝒓 - Variable with ψ = 0.1 

 

4 RESULTS AND CORRELATIONS 

Horizontal 𝑈𝑥, vertical 𝑈𝑦 and total displacements 𝑈 for 

the dynamic phases in two representative nodes of the 

dynamic modelling, crest and toe of the TSF, are dis-

played in Figure 4 and Figure 5, respectively. Addition-

ally, contours for excess pore pressures at the end of 

each seismic simulation are depicted in Figure 6. 
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Figure 4. Displacement evolution for a node at the TSF crest. 

 

 
Figure 5. Displacement evolution for a node at the TSF toe. 

 

From the obtained results, the following observations 

can be deduced: 

• Maximum total displacements at the crest of the TSF 

reach values up to 160 mm. In terms of the components, 

the vertical displacements (settlements) reach values up 

to 72 mm, while the horizontal ones go up to 155 mm. 

Maximum values are consistently associated with earth-

quakes 2A, 2B and 4A, as previously predicted by our 

IM. 

• Excess pore pressures at the end of the seismic signal 

reach values up to 80 kPa. Pore pressure ratios fluctuate 

between 0.1 and 0.4, indicating a minimal risk of dy-

namic liquefaction. Typically, values around 0.9 are ex-

pected in high-risk liquefaction scenarios. 

Figures 7, 8 and 9 show a series of different correla-

tions between IMs and the residual displacements at the 

crest, the maximum displacement, and the toe displace-

ment of the TSF, respectively. From these, typical IMs 

such as PGA or Arias intensity correlate poorly with the 

final displacements, as the coefficients of determination 

are low (𝑅2 < 0.3). However, IMs based on spectral 

power for a determined frequency window show a better 

correlation with the displacements, suggesting it is a bet-

ter predictor of the seismic performance, as previously 

stated and proved in Labanda et al. (2021) for high in-

tense seismic signals. For these IMs, the coefficient of 

determination 𝑅2 is above 0.85, representing a good fit 

of the regression model with the data. We can see that a 

widely used parameter in seismic hazard analysis, such 

as PGA, has a null capacity to predict the demand or re-

sidual displacement in this type of structure. These re-

sults also reinforced our previous statement that the seis-

mic hazard analysis procedure must be reviewed and 

adapted for geotechnical structures, particularly tailings 

dams, because they are insensitive to higher frequencies 

energies and, therefore, the most demanding records are 

those with higher spectral power in lower frequencies. 

 
Figure 6. Excess pore pressure contours at the end of each 

seismic signal. 

5 CONCLUSIONS 

In this paper, we validated a new intensity measure 

(IM) based on spectral properties of the seismic record 

to assess tailings dams undergoing dynamic liquefaction 

in low-mid intensity seismic scenarios. First, the mathe-

matical definition of our IM was detailed and applied to 

a set of fourteen seismic records of mid-low intensity. 

Then, a model representing a section of the tailings stor-

age facility (TSF) is described, including details regard-

ing the mesh, constitutive model parameters, staged 

construction and its general layout. We subjected the 

model to these chosen ground motions and presented 

and discussed the series of time-history outcomes. We 

displayed correlation plots between maximum and re-

sidual crest displacement with residual base displace-

ment and the proposed IMs. These showed that our IM 

has a prediction accuracy of around 𝑅2 = 0.9, while a 

classical IM such as the Arias intensity is about 𝑅2 =
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0.3 with extreme cases such as the PGA case displaying 

null correlation. In conclusion, we validated our pro-

posal and showed that it is a superior alternative for seis-

mic signal selection when tailings dams are the struc-

tures under analysis. 

 

 
Figure 7. Crest final displacement versus different intensity 

measures. 

 

 
Figure 8. Maximum displacement versus different intensity 

measures. 

 

 
Figure 9. Toe final displacement versus different intensity 

measures. 
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