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Abstract
Recent research in engineering seismology demonstrated that in addition to three translational seismic excitations along x, 
y and z axes, one should also consider rotational components about these axes when calculating design seismic loads for 
structures. The objective of this paper is to present the results of a seismic response numerical analysis of a mine tower (also 
called in the literature a headframe or a pit frame). These structures are used in deep mining on the ground surface to hoist 
output (e.g. copper ore or coal). The mine towers belong to the tall, slender structures, for which rocking excitations may 
be important. In the numerical example, a typical steel headframe 64 m high is analysed under two records of simultane-
ous rocking and horizontal seismic action of an induced mine shock and a natural earthquake. As a result, a complicated 
interaction of rocking seismic effects with horizontal excitations is observed. The contribution of the rocking component 
may sometimes reduce the overall seismic response, but in most cases, it substantially increases the seismic response of 
the analysed headframe. It is concluded that in the analysed case of the 64 m mining tower, the seismic response, includ-
ing the rocking ground motion effects, may increase up to 31% (for natural earthquake ground motion) or even up to 135% 
(for mining-induced, rockburst seismic effects). This means that not only in the case of the design of very tall buildings 
or industrial chimneys but also for specific yet very common structures like mine towers, including the rotational seismic 
effects may play an important role.

Keywords Rotational seismic effects · Headframe · Mine tower · Mine shocks · Earthquake · Seismic vibrations

1 Introduction

Recent earthquake engineering progress is concentrated 
on highly nonlinear dynamic response under extremely 
large earthquakes, e.g. nonlinear response of concrete 
[1] or steel [2] structures. The main reason for this is the 
constant request for structural design against catastrophic 
seismic events with a return period of 475 years (Eurocode 
8 [3]). However, seismic engineering still has some chal-
lenges regarding the fundamental modelling of seismic loads 

treated as spatial types of loads, e.g. bridges [4], dams [5] 
or building structures [6]. These multicomponent loads may 
consist of not only three translational components along the 
x, y and z axis but also of three rotations about these axes. 
For a long time, the research to include rotational seismic 
ground motion in seismic engineering was hampered by a 
lack of proper ground motion instrumentation and respec-
tive rotational records. Thus, from the very beginning only 
indirect approaches were used. The method of body waves 
reflections at the free surface initially derived by Trifunac in 
1982 [7], was later developed by Castellani and Boffi to gen-
erate rotational time histories [8], by Castellani and Zembaty 
to implement spectral approach with stochastic methodology 
[9] and further extended by Zembaty to include also surface 
waves [10]. Basu et al. proposed methods using translational 
records from single [11] and multiple [12] seismic stations, 
while Falamarz-Sheikhabadi and Ghafory-Ashtiany devel-
oped engineering methodolgy to calculate rotational accel-
eration response spectra from the translational ones [13]. 
Since the end of 90-ties of the twentieth century, more and 
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more direct rotational seismic records were acquired, e.g. by 
Nigbor from an explosion [14], by Takeo from a swarm of 
earthquakes [15]. Zembaty et al. reported about the first rota-
tional records from induced mining tremors (Upper Silesian 
Coal Basin), [16] which later served to derive 6-component 
Ground Motion Prediction Equations [17], while Fuławka 
et al. acquired the rotational seismic records from mining 
tremors in Lower Silesian Copper Basin [18]. Recently 
Bernauer et  al. performed geophysical tests of various 
rotational sensors with active seismic sources at the Geo-
physical Observatory of the Ludwig-Maximilians University 
Munich in Fürstenfeldbruck, German [19]. The rotational 
records from induced seismic events allowed to compute 
the response of slender towers to combined horizontal-rock-
ing seismic excitations [20]. In such the cases full seismic 
ground motion at a point on the ground surface can be called 
6 degrees of freedom (6-dof) seismic record, as it contains 
three translations and three rotations.

Starting from Newmark and Rosenblueth [21], the 
researchers pointed out that tall buildings or slender tow-
ers may be particularly vulnerable to the rotational ground 
excitations about the horizontal axes. These types of ground 
rotations are called rocking ground excitations. Indeed, the 
angle of rocking as low as 1 degree at the ground surface 
translates into a 1.75 m at the height of 100 m [20].

Direct rotational seismic ground motion records acquired 
so far usually represent low or very low seismic intensities. 
As an example, one can mention the records of seismic sig-
nals of Modified Mercalli (MM) intensity IV, see e.g. [16] 
and its application to compute the seismic response of a 
reinforced concrete industrial chimney.

Recently, a strong MM intensity VII, 6-dof seismic record 
was acquired [22]. It was applied to computing the seis-
mic response of a 160 m reinforced concrete (r/c) industrial 
chimney and tall buildings [23]. It was observed that com-
bined horizontal-rocking ground motion could significantly 
alter the overall seismic response compared to traditional, 
horizontal only seismic effects. The rotational component 
can have both positive and negative total effect on the build-
ing structures. This analysis concluded that the rocking 
effects might change the seismic response of building struc-
tures up to 16%. It is still unclear, however, how the rocking 
seismic effects could contribute to the seismic response of 
other types of tall and slender structures met in civil engi-
neering. One of such structures, which seismic response may 
be particularly affected by rotational components of seismic 
ground motion, are mine towers (headframes). This type of 
structure is often met in the industrial coal or copper basins 
of the World.

Modern mine towers are steel or reinforced concrete 
structures. They may reach the height of up to 87 m (steel 
structures) or even 132 m (reinforced concrete structures). 
Their purpose is to operate hoists that function mainly for 

vertical transport of people or output (e.g. coal or copper 
ore). Thus, they mainly serve to carry loads of the respective 
conveyances, and their primary design vertical load is their 
dead load and load of the hoist system. Generally, head-
frames can be divided onto the towers with the hoist machin-
ery mounted inside the tower or on the ground. In the latter 
case one or two pairs of backlegs (inclined columns) are 
included in the structure of the tower. Concrete headframes 
can be designed without any backlegs. The most common 
steel headframes are structures with one pair of backlegs. 
Other elements of the tower are a main core, sub-beams and 
a structure supporting sheaves of the hoist system. The typi-
cal horizontal load of a mine tower is a wind action, seismic 
load and (in case of a hoist motor mounted on the ground) 
also load from a tension in the hoist ropes. Considering the 
height and cross-section of the headframes, the seismic load 
(natural or induced) can be more important than the wind 
action.

The literature on seismic effects on mine towers is rather 
rare. For example, there are analyses of steel mine tower 
by Jaskiewicz and Pytel [24], as well as concrete one by 
Tatara and Pachla [25]. The results of these papers reflect 
the conventional approach of seismic engineering, in which 
the seismic loads result from the action of horizontal, kin-
ematic ground excitations. The analyses of the papers [24, 
25] utilise the method of time-history response computations 
or the method of response spectrum. Considering the sub-
stantial height of mine towers, a question appears if the rock-
ing component of seismic ground motion could substantially 
contribute to their overall seismic response. Recent results of 
the research in rotational seismic engineering demonstrated 
that the contribution of the rocking component of seismic 
ground motion might be important for tall buildings as was 
shown in simplified analyses by Sokol et al. [26] or more 
complex time-history analyses by Bońkowski et al. [23], and 
reinforced concrete industrial chimneys [20], thus it may 
also play an important role in the seismic response of steel 
mine towers.

The purpose of this analysis is to compute seismic 
response of a mine tower under combined horizontal-rocking 
excitations. These structures may be subjected to specific, 
near-field seismic effects from mining-induced rockbursts, 
e.g. [27], or in a case of mining in the areas of strong natural 
seismicity also from earthquakes.

2  Methodology

2.1  A mine tower as a slender structure 
under horizontal‑rocking seismic excitations

In the present analysis seismic response of a selected mine 
tower subjected to conventional horizontal excitations from 
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induced and natural earthquake are calculated. Next, the 
results are compared with the response including also rock-
ing seismic effects. For this purpose, time history responses 
of the selected mine tower are computed for two, horizon-
tal excitations uX(t), uY(t) and two rocking excitations Θ(t), 
ψ(t) acting simultaneously (Fig. 1). Two different types of 
seismic excitations are considered: induced seismic effects, 
as well as seismic records of natural earthquakes. To bet-
ter compare seismic responses, the excitations are scaled 
to the level of intensity measured by the same horizontal 
Peak Ground Velocity  PGVhor = 5 cm/s, which roughly cor-
responds to MM intensity V, see e.g. [28]. It should be also 
noted that  PGVhor = 5 cm/s is also used as representing mini-
mal level of intensity for induced earthquakes associated 
with specific minor, “cosmetic” damages of structures in 
areas of extensive mining [29].

In Fig. 1. a schematic view of a mine tower situated on the 
ground surface is shown with two horizontal excitations N–S 
uX(t) and E–W uY(t) directions, including rocking excitations 
about these two axes. It can be seen, that for this structure 
the translational seismic excitations uX(t) are accompanied 
by respective rocking excitations ψ(t) acting in the same ver-
tical plane, while uY(t) and Θ(t) act in the second vertical 
plane. As it was already shown in the papers by Bonkowski 
et al. [20, 23], the interaction of horizontal excitations with 
rocking about the axes perpendicular to the respective hori-
zontal excitations can substantially influence overall seismic 
response. Thus, for these structures the horizontal seismic 
excitations together with respective rocking effects can be 
of particular importance.

The mine tower selected for the analyses of this paper is a 
63.7 m high steel frame structure with two diagonal columns 
(backlegs) mounted to foundations at a distance of 13 m from 
the main steel spatial frame (see Fig. 2). At the top of the 

tower mechanism two pairs of sheave wheels are located. The 
horizontal axial dimensions of the frame equal 5.4 × 7.2 m. 
The multistorey steel core of the tower consists of IPE600 
and C400 steel profiles and steel, welded plate girders. The 
backlegs of the mine tower are made from 1820 × 18 mm pipe 
sections.

Consider now seismic response of a mine tower modelled 
using Finite Element Method (FEM) and the approach of 
lumped masses discretized at respective FEM mesh nodes as 
m1, m2, …, mi, mi+1, mi+2, …, etc. The FEM model includes 
frame 3D elements (for details see the manual of SAP2000 
[30]). A schematic view of the FEM mesh is shown in Fig. 3 in 
one of the two vertical planes of vibrations. It can be seen that 
the total seismic response consists of rigid horizontal/rock-
ing motion of the structure and a respective elastic structural 
response.

The equation of motion of structure under combined, 
horizontal and rocking excitations in one plane is given by 
formula:

in which M, C, K = matrices of mass, damping and stiffness; 
q̈, q̇, q = acceleration, velocity and displacement vector at 

(1)Mq̈(t) + Cq̇(t) + Kq(t) = −[mü(t) + (mh)�̈�(t)]

Fig. 1  A steel mine tower under two horizontal-translational seismic 
excitations uX(t) and uY(t) and respective two rockings Θ(t) and ψ(t).

Fig. 2  A schematic plan view of the analysed headframe
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specific structural degrees of freedom; m = masses of the 
structure in horizontal direction (product of the M ⋅ 1, where 
1 is the so-called influence vector filled with ones); ü(t) = 
translational, horizontal ground accelerations �̈�(t) = rota-
tional, rocking accelerations of the base about horizontal 
axis perpendicular to the axis of excitations u(t); h = influ-
ence vector consisting elevations of the respective horizon-
tal degrees of freedom above the ground surface. (mh) = 
vector consisting of mihi values, where mi and hi stand for 
elements of vectors m and h . In Eq. (1) �̈� stands for Θ̈ for 
structure excited in the Z-NS plane and for �̈� for excita-
tions in the Z-EW plane (Fig. 1). It should be noted that 
the second component of Eq. (1) reflects seismic horizontal 
inertial action resulting from small ground rocking (rotations 
about horizontal axes). For more details about equations of 
motion of structures under various forms of seismic excita-
tions (spatial, torsional and rotational) the reader may refer 
to Anil Chopra textbook [31].

Equation (1) shows how rocking effects at the ground 
level translate into horizontal inertial forces proportional to 
the heights of the masses undergoing seismic excitations. 
The seismic vibrations of the mine tower analysed in this 
paper represent the superposition of its vibrations as excited 
in Z-NS and Z-EW planes (Fig. 1).

2.2  Description of seismic excitations

To investigate the role of rocking seismic effects the example 
mine tower is examined using four components of seismic 
ground motion (Fig. 1):

• 2 horizontal translations uX(t), uY(t) and

• 2 rockings Θ(t) and ψ(t)

These ground motion records are selected from two 
6-dof ground motion records:

– An induced seismic record from mine tremor recorded 
on 12th December 2015 in Upper Silesian Coal Basin 
[16] with epicentral distance 943 m.

– An aftershock seismic record from 8th November 2014 
as reported by Sbaa et al. [32] and Bonkowski el al. 
[33] with epicentral distance 9.2 km.

Respective acceleration response spectra are available 
in previous reports of one of the authors (see e.g. [34]) 
for mining tremor response spectrum and in publications 
about natural earthquake response spectra [23].

Each acceleration component üx(t) , üy(t) , �̈�(t) , �̈�(t) of 
both records was scaled to the same moderate MM inten-
sity ≅ V using normalising factor �.

where PGVhor is the horizontal Peak Ground Velocity 
according to Eq. (3):

Through this operation each scaled record has the same 
horizontal Peak Ground Velocity equal to 5 cm/s. The 
choice of  PGVhor = 5 cm/s as a special benchmark inten-
sity level was motivated by the experience of the rock-
burst and natural seismic effects on structures. As it was 
already commented the level of the  PGVhor = 5 cm/s can 
be treated as the one bringing first structural damages, see 
e.g. [29]. Recent research of a big set of natural earthquake 
records by Worden et al. [28] attributes MM intensity V 
to the levels of PGV of about 4.7 cm/s and Peak Ground 
Acceleration (PGA) about 60 cm/s2 which is also consist-
ent with the description of Modified Mercalli intensity V 
attributing this intensity as the lowest intensity causing 
structural damages to good quality (“healthy”) structures. 
The acceleration components of the rockburst record (with 
original  PGVhor = 2.01 cm/s) were increased by multiplier 
2.4649. The same scaling method applied to the Kefalonia 
aftershock (original  PGVhor = 18.3 cm) resulted in reduc-
ing the response by a multiplier 0.2737. Scaled records of 
the rockburst and Kefalonia events are shown in Figs. 4 
and 5 respectively.

Flowchart summarising methodology used in this 
research is presented in Fig. 6.

(2)� =
5cm∕s

PGVhor

(3)PGVhor = max
t

√

u̇2
x
(t) + u̇2

y
(t)

Fig. 3  A mine tower under dynamic rocking-horizontal seismic exci-
tations
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Fig. 4  Scaled up to  PGVhor 5 cm/s, horizontal and rocking excitations from rockburst induced seismic effects 

Fig. 5  Scaled down to  PGVhor 5 cm/s, horizontal and rocking excitations from Kefalonia aftershocks 
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3  Results of numerical analysis

To analyse the problem a 3D FEM model of the steel 
mine tower has been built in SAP2000 software [30]. The 
model was based on the construction drawing of the exist-
ing headframe (see Fig. 2 for the schematic plan view). In 
the model familiar, Timoshenko beam element formulation 
have been utilised, which takes into account shear defor-
mations and consist 6-dof at each node. Steel modulus of 
elasticity E = 210GPa , Poisson’s ratio � = 0.3 and density 
� = 7849 kg∕m3 were assumed. Influence of the technical 
equipment (e.g. hoist system) is considered by incorporating 
additional masses in the model. In the following section, the 
eigenproblem has been solved using eigenvector method. 16 

modes are calculated to account for > 95% mass ratio. Time-
history analyses are performed using modal superposition 
method (constant 5% damping is assumed) with 0.005 s step 
size.

First, a respective eigenproblem is solved. The first four 
natural, vibration modes are shown in Fig. 7 together with 
their natural periods. The 1st and 4th modes represent trans-
lational, horizontal vibrations, while the 2nd and 3rd modes 
stand for two, torsional vibration modes about a vertical axis.

The analysed mine tower is asymmetric in plane (see 
Figs. 2 and 6). Thus, it can be situated in two, perpendicular 
directions with respect to two pairs of ground rockings in 
the NS-Z, as well as EW-Z planes (Fig. 1). As an effect, 
the two sets of excitations of the Silesian rockburst and 

Fig. 6  Flowchart of the method-
ology used in the research
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Kefalonia earthquake can be applied in two combinations 
with respect to the tower position. In what follows this is 
denoted as “Silesian 1”,” Silesian 2” as well as “Kefalonia 
1” and “Kefalonia 2”. With this assumption, the results of 
this study are effectively doubled.

In Figs. 8 and 10 plots of horizontal displacements of the 
tower top and in Figs. 9 and 11 plots of base shear are shown 
with and without the contribution of the rocking seismic 

effects. Detailed data with all combinations of maxima for 
displacements, base shear and axial force in backlegs are 
gathered in Tables 1 and 3. In Tables 2 and 4 a relative 
difference in the response between the structure subjected 
to translational-rocking component and horizontal compo-
nent only are shown. Examining Figs. 8, 9, 10 and 11 and 
Tables 1, 2, 3 and 4 one can conclude that the difference 
of seismic response for both types of loads (rockburst and 
natural earthquake) can be substantial. It varies between 
0.1% (Base Shear in “Silesian 2” case) up to 135% (Tip 
displacement in “Silesian 1” case). It can be seen that for 
the rockburst effects the maximum absolute contribution of 
rocking equalled 135% while for the Kefalonia earthquake it 
equalled 31%. There is no simple relation in the contribution 

Fig. 7  First four natural modes with their respective natural periods 
(modes UY, UX are translational-horizontal while mode RZ represent 
torsion about Z axis)

Fig. 8  Seismic displacement response of the top of the mine tower to 
induced seismic excitations with and without rocking seismic effects 
(Silesian 1, y direction)

Fig. 9  Seismic base shear response of the mine tower to induced seis-
mic excitations with and without rocking seismic effects (Silesian 1, 
y direction)
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of the rocking component to different response parameters. 
Sometimes it is more important for displacements and 
sometimes for internal forces. Not in all cases, the rocking 
excitations contribute substantially. In some cases, there is 

even a reduction. This phenomenon was also reported by 
Bonkowski et al. [20, 23]. Whether the rotational component 
have positive or negative effect on the structure changes dur-
ing the response (see e.g. base shear response in Fig. 11). It 
can be explained by the fact that maxima of horizontal and 
rocking excitations some time do not overlap. Overall in the 
case of the selected 64 m high mine tower this contribution 
appears to be more substantial than for the results obtained 
earlier for a 160 m reinforced concrete chimney [20], as well 
as 30-storey and ten-storey tall buildings [23].       

4  Discussion

In recent years more and more six component seismic 
records from intensive natural earthquakes and induced 
seismicity are being available. The total effect of the seis-
mic rotational component is still unknown for various types 
of structures. Mine towers are of special interest as they 
can be both subjected to natural and induced seismicity. For 
this purpose, a typical steel headframe is selected for the 
study. The analysis of seismic response of the steel mine 
tower was carried out for horizontal seismic excitations 
and for combined horizontal-rocking seismic excitations 
using linear time-history analyses with modal superposition 
method and constant 5% damping. For this purpose, two 6 
component seismic records were used. One was recorded 
during a moderate MM intensity IV mining shock [16] and 
the second was acquired during a strong, MM intensity VII 
aftershock of natural earthquake [32]. For the convenience 
of the analysis both records were normalized with respect to 
horizontal Peak Ground Velocity 5 cm/s that is to MM inten-
sity of about V. This resulted in base shear in range 91–164 
kN and tip displacement in range 2.80–9.20 mm for induced 
seismicity events and base shear in range 65–124 kN and tip 
displacement in the range 6.64–7.95 mm for natural earth-
quake events. The asymmetric structure of the mine tower 
made it possible to compute seismic response for two cases 
of the situation of the tower with respect to the excitations.

As it was earlier reported for an industrial chimney 
[20] and tall buildings [23] the rocking excitations interact 
with horizontal excitations, sometime increasing, some-
time decreasing the overall seismic response. For example, 

Fig. 10  Seismic displacement response of the top of the mine tower 
to Kefalonia seismic excitations with and without rocking seismic 
effects (Kefalonia 1, x direction)

Fig. 11  Seismic base shear response of the mine tower to Kefalonia 
seismic excitations with and without rocking seismic effects (Kefalo-
nia 1, x direction)

Table 1  Selected maxima of 
internal forces due to mining 
excitations including and 
excluding rocking effects

Silesian 1 Silesian 2 Silesian 1
No rotation

Silesian 2
No rotation

Base Shear X [kN] 121 110 131 75
Base Shear Y [kN] 91 164 100 165
Axial force in backleg [kN] 95 56 77 46
Tip displacement x [m] 6.34E−03 2.21E−03 4.39E−03 2.19E−03
Tip displacement y [m] 2.80E−03 9.20E−03 1.19E−03 6.54E−03
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the inclusion of rotational component in induced seis-
mic event decreased base shear in Y direction for 8.74% 
while increased tip displacements in the same direction 
for 135.26%, for natural earthquake there was increase of 
7.26% for base shear and increase for 4.11% for tip displace-
ments. The max contribution of rocking components reached 
31% for natural seismic excitations and 135% for induced 
seismic effects. Such substantial difference can be probably 
explained by the fact, that rotational seismic effects are more 
pronounced very close to the epicentre which is a particular 
effect in the case of the recorded mine shock.

The results or rocking component contribution are in 
good agreement with previous studies on the effect of min-
ing tremor on r/c industrial chimney (up to 65% contribution 
in bending moments at the base [20]), the effect of intensive 
earthquake on the 10 and 30 storey r/c buildings (e.g. up to 
17% contribution in base shear [23]), or with more simpli-
fied analyses of r/c building structures (rocking contribution 
up to 26% [26]–43% [35]).

While the methodology of the present paper can be suc-
cessfully applied for different types of structures and ground 
motions, one has to have in mind, that there is still deficiency 
of directly recorded, intensive 6-component ground motion 
records. Additionally, the design code [3] rotational spectra 
seems not be calibrated well enough [20]. This makes it 
much more difficult to apply rotational components in the 
structural design process until more 6-dof records appear. 

Additionally, more study on the joint ground motion and 
SSI effect should be done. This is especially important for 
vast in plane structures.

5  Conclusions

In the present research, the steel frame of the mine tower 
has been analysed for the effect of joint translational-rota-
tional effects on its seismic response. Using time-history 
analyses, it was shown that the rotational component can 
significantly contribute to the dynamic response of slender 
asymmetric structures, such as headframes (mine towers). 
As shown in the previous analyses [20, 23], the rotational 
component can either increase or decrease the seismic 
response. This leads to a conclusion that the rocking com-
ponent should be included not only in the design of tall 
towers and buildings as demonstrated in earlier papers by 
Bonkowski et. al [20, 23] but also for the specific type of 
industrial structures: mine towers which are commonly 
used in the deep mining infrastructure. It can be also 
done by applying Eurocode 8 part 6 [3] after calibrating 
its respective formulas with more and more analyses of 
seismic responses to strong motion six-component earth-
quakes. The higher influence of the rotational component 
from the induced seismicity compared to natural earth-
quakes leads to a conclusion that the effect of rotational 
component may be more pronounced for the close to epi-
centre events.

Table 2  Relative change in the selected response parameters of the 
mine tower due to including rotational ground motion component of 
mining excitations

Silesian 1 (%) Silesian 2 (%)

Base Shear X ] − 7.74 47.78
Base Shear Y − 8.74 − 0.10
Axial force in the strut 22.70 21.79
Tip displacement x 44.43 0.55
Tip displacement y 135.26 40.72

Table 3  Selected maxima of 
internal forces due to Kefalonia 
seismic excitations including 
and excluding rocking effects

Kefalonia 1 Kefalonia 2 Kefalonia 1
No rotation

Kefalonia 2
No rotation

Base Shear X [kN] 103 124 124 100
Base Shear Y [kN] 65 68 61 74
Axial force in strut [kN] 147 138 131 112
Tip displacement x [m] 6.77E−03 7.24E−03 9.88E−03 6.15E−03
Tip displacement y [m] 7.95E−03 6.64E−03 7.64E−03 6.73E−03

Table 4  Relative change in the selected response parameters of the 
mine tower due to including rotational ground motion component of 
Kefalonia Seismic excitations

Kefalonia 1 (%) Kefalonia 2 (%)

Base Shear X − 17.14 23.61
Base Shear Y 7.26 − 8.31
Axial force in the strut 12.19 23.29
Tip displacement x − 31.44 17.61
Tip displacement y 4.11 − 1.38
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