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Abstract A dynamic time history analysis of Żelazny Most tailing dams is presented
in this paper. The structure, located in the zone of mining activity, is subject to seismic
excitations with recorded peak acceleration of value 0.2g. This value of peak acceleration is usually treated as a limit for so-called pseudo-static approaches applied to
stability assessment. Hence a fully nonlinear dynamic analyses are required to assess
maximum shear strain amplitudes and maximum accelerations.

1

Introduction

Żelazny Most tailings dams, located in the south-western part of Poland, are designed
to deposit wastes from copper-ore processing. The total length of the circuit of dams
is 14 km and the largest relative height of the slope is of about 70m in the east part.
This structure is in the stage of continues construction and current elevation is at 165
m.a.s.l. The general view of the structure is shown in Fig.1. Mines, which are the
source of seismic excitations, are located close to the west dam (see enclosed map
in Fig.2), and for that reason cross section 2-W (western dam) was considered in the
dynamic time history analysis.
Because of the complexity of the problem: geometry, three-dimensional effects,
strong variation of soil properties in the cross sections, varying seepage conditions,
short distance of the seismic source to the structure, etc.., it was not possible to carry
out a fully nonlinear three-dimensional two-phase dynamic analysis.
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projektowych Po raz pierwszy w Polsce na szerszą skalę metodę obserwacyjną
zastosowano przy skutecznej stabilizacji osuwiska skalnego, które wystąpiło podczas
budowy zapory w Tresnej [3].
Metoda obserwacyjna jest szczególnie przydatna w postępującym projektowaniu obiektów
wznoszonych (realizowanych) etapowo. Charakterystycznym przykładem są zapory
składowiska Żelazny Most (Rys. 1). Prowadzone są tam kompleksowe obserwacje
zachowania się budowli z zastosowaniem piezometrów, inklinometrów, różnego rodzaju
reperów oraz akcelerometrów.

Rys. 1 Składowisko Żelazny Most. Zdjęcie lotnicze od strony wschodniej

Figure 1: General view
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The applied asymptotic drained/undrained conditions allowed to treat soils as a
single-phase media, in which stiffness moduli and strength parameters, for the undrained
case, have to be reformulated to handle incompressibility
constraint.
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To carry out time history analyses, a dynamic module, applicable so far to single
phase media, was implemented within the Z SOIL code (custom version v.6.96), including implicit Newmark integration schemes in time and special damping elements
for transmitting boundaries.

2

Integration of equations of motion by α-method

In the considered case the implicit α-method (Hilber-Hughes-Taylor method) was
used with integration parameters α = −0.3, β = (1 − α)2 /4 = 0.4225 and γ =
(1 − 2α)/2 = 0.8 [2].
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Figure 2: Location of the structure (picture from www.rudna.prv.pl)
Preliminary computations carried out with a standard implicit Newmark method
(α = 0.0, β = 0.25, γ = 0.5) shown an insufficient numerical dissipation of modes
related to higher frequencies. This was resulting in oscillatory time histories for velocities and displacements.
The α-method introduces sufficient numerical damping without degrading the accuracy [2].

3

Transmitting boundaries

Application of special damping elements placed at boundaries which are bounding the
computational finite element model is a major issue in practical dynamic analyses. In
the considered study the formulation proposed by Zohra Zerfa and Benjamin Loret
[5] is used. This formulation is insensitive to the frequency and incidence of incoming
waves.

4

Estimation of stiffness moduli in the range of small
strains

Because of lack of the data for stiffness moduli in the range of small strains a well
known empirical formula collected by Ishihara in [3] were used.
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For cohesive tertiary and quartenary soils the Hardin and Black formula was used
( see Fig.(3); the initial shear modulus is expressed as:
(2.97 − e)2  0 0.5
σo
Go = 3270
1+e

(1)

For dense cohesionless soils the Higuchi’s formula was applied (see Fig. (4):
Go = 16600

(2.17 − e)2  0 0.4
σo
1+e

(2)

For tailing batches, treated as a cohesionless soil with high fraction of fines, another
Higuchi’s formula was used (see Fig.(4):
(2.17 + e)2  0 0.6
Go = 3090
σo
1+e

(3)

In all the above expressions the initial void ratio was denoted by e and the effective
0
mean stress by σo .
The general form of the stiffness shear moduli in the range of small strains can be
expressed by the formula:
Go = Go∗

 0 m
σo

(4)

in which Go∗ and m are material properties.
In the considered case the major part of the cross section remains in the stage of
full saturation while zones close to the free boundaries remain in the regime of partial
saturation. To distinguish these two limiting cases for the undrained case the elastic
properties and strength parameters are reformulated using following relations:
3E
2 (1 + ν)
νu = 0.49999
p
2 (Nφ )
cu = c
1 + Nφ

(6)

1 + sin(φ)
1 − sin(φ)

(8)

Eu =

Nφ =

5

(5)

(7)

Description of the dynamic computational model

In the considered case it was assumed that in each continuum finite element the shear
and bulk stiffness moduli remain constant during dynamic analysis. However, their
values were computed based on the effective stress state and saturation ratio (to decide whether drained or undrained values are to be used) obtained from the preceding
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Figure 3: Relation G − e for cohesive soils in the range of small strains (after Ishihara
[3])

0

Figure 4: Relation G − σo for cohesionless soils in the range of small strains (after
Ishihara [3])
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static analysis reproducing construction of the pond and hence serving the initial condition for further dynamic analysis. The aforementioned static analysis was carried
out assuming uncoupled two-phase model [4]. It consisted of the initial state computation, construction of the starter dam and then subsequent construction of dams and
filling of the pond by wastes, until the elevation of 165 m.a.s.l. was reached. The finite
element mesh including the applied boundary conditions for displacements is shown
in Fig.(5).
All material properties required to carry out dynamic simulations are given in Table
5.
The dynamic model scheme is shown in Fig.(6). Compared to the static one it
required certain changes to be made related to the boundary conditions defined along
edges D-E, E-F and F-G. Before dynamic simulations were run all fixities along the
edge D-E and E-F were removed and transmitting boundary elements were activated.
The corresponding density and shear and longitudinal waves speeds for transmitting boundaries were computed based on shear and Young’s moduli taken from the
adjacent continuum elements. This is a crucial point if spurious reflections from transmitting boundaries are to be eliminated.
The corresponding reactions coming from removed fixities were reapplied as external forces to satisfy equilibrium in the static limit. On the boundary F-G kinematic
boundary conditions were reformulated to handle Ricker’s signal applied to the vertical component of the velocity vector [1].
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0.37

0.5

12

14

19

22

0.8

starter dam

0.67

22365

0.25

0.4

36

0

16

20

0.41

quartenary cohesionless

0.62

24618

0.25

0.4
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0

16.5

20.3

0.48

quartenary cohesive

0.55

12355

0.29

0.5

28

0

17.2

20.8

0.53

dense wastes

0.67

22365

0.25

0.4

36

0

16

20

0.41

wastes

0.84

2971

0.20

0.6

33

0

14.4

20

0.46

Table 1: Material properties

5.1

Damping

In this study a low frequency damping was applied assuming α = 0.01 (C = αM)
for all tertiary and quartenary soils in the foundation. With this value the shape of the
attenuation curve matches well the one given by seismologists. An additional physical
damping is generated due to plastic deformations.
The numerical damping, successfully filtering higher frequencies, is introduced
into the model by application of the α-method instead of standard Newmark one.
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Figure 5: Mesh for both static and dynamic analysis

Figure 6: Model for dynamic analysis
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5.2

Excitation imposed by Ricker’s signal

In the considered study problem of propagation of seismic waves is modeled by application of the 2Hz Ricker’s signal imposed as the vertical velocity (vy (t)) [1], at all
nodes along the edge F-G (see Fig.( (6). The two excitations were analyzed. In the
first one amplitude of the signal was estimated to achieve the maximum vertical velocity on the crest of starter dam (p.B in Fig.(6)) of value 1.5cm/s. The second excitation
was obtained by amplifying the amplitude of the Ricker’s signal, obtained for the first
excitation, by factor of 4. The graphical representation of the 2Hz Ricker’s signal with
unit amplitude is shown in Fig.(7).

6

Results

The acceleration and velocity time histories for 3 selected control points (see Fig.6)
and for the two assumed amplitudes of the Ricker signal (see Fig.7) are shown in
Fig.8, 9, 10, 11, 12, 13, 14, 15.

Figure 7: 2Hz Ricker’s signal
The maximum shear strain amplitude corresponding to the first excitation was of
order 1.1 10−4 while for the second one 1.6 10−4 .
One may notice that in the case of weak excitation (excitation 1) the ratio between maximum horizontal acceleration on the crest of the starter dam and top of
the pond is of order 0.038/0.022 = 1.70 while for the stronger excitation it is of order
0.040/0.048 = 0.83.
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Figure 8: Excitation 1: Time history of ax / g

Figure 9: Excitation 1: Time history of ay / g
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Figure 10: Excitation 1: Time history of vx

Figure 11: Excitation 1: Time history of vy
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Figure 12: Excitation 2: Time history of ax / g

Figure 13: Excitation 2: Time history of ay / g
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Figure 14: Excitation 2: Time history of vx

Figure 15: Excitation 2: Time history of vy
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7

Conclusions

A detailed description of the dynamic model of Żelazny Most tailings dams was presented in this paper. A fully nonlinear single-phase dynamic analysis was carried out
with aid of a new dynamic module implemented within the Z SOIL code.
Because of the fact that wastes deposited in the Żelazny Most pond may exhibit liquefaction phenomenon further simulations with more advanced (than standard MohrCoulomb) models are needed.
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