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Demolition of guyed masts is usually carried out by cutting down some of the supporting guy cables using an explosive in such
a way that the mast can fall into the desired direction. Without the cable supports, guyed tubular masts are very slender structures
which are susceptible to local buckling based on the internal force distribution. If this local buckling occurs at the early stage of the
demolition processes, it can cause uncertainty in the failure mechanism. The risk of undesirable demolition outcome due to this
uncertainty can be mitigated by using controlled detonation setups. In this paper, a sensitivity analysis is presented using a case
study to determine the influence of the explosive detonation time on the collapse development and pattern of the guyed mast.
Then, the results of the sensitivity analysis are systematically categorized using cluster analysis to show possible types of collapse

regimes which can be used to setup a controlled demolition scheme.

1. Introduction

Guyed masts that are at the final stage of their design lifetime
and no longer required for any purpose due to advance-
ments in technology need to be safely and economically
demolished. Blast demolition is an efficient method com-
pared to conventional demolition techniques due to the
short duration of the demolition process and cost efficiency
[1]. Here, it is vital to choose and design a controlled blast
demolition setup in order to avoid unsafe situations which
may lead to an unexpected collapse regime with undesirable
extension of debris areas or an incomplete collapse which
has to be removed by an expensive mechanical procedure.

There are a number of investigations that focused on
blast demolition of complex large-scale structures [2-4] and
blast folding of chimneys [5] based on experimental and
analytical methods. On the contrary, researches in the area
of mitigation of hazardous structural collapses due to ex-
treme loads such as explosion, impact, and earthquake have
contributed towards a better understanding and control of
structural collapse mechanisms. These works identified as
progressive collapse [6, 7] were carried out particularly on
steel structures [8-11] and reinforced concrete framed
structures [12-16].

However, when it comes to demolition of guyed tubular
masts, there are almost no studies about their collapse
mechanisms. Up to now, blast demolition of guyed masts has
been typically carried out by experienced explosive de-
molition experts without any detailed technical investigation
in such a way that some of the guy cables were cut using
explosives so that the mast can fall into one direction. Even
though this approach to demolish guyed masts seems to be
successful for some cases, there are always risks involved. In
order to avoid or reduce these risks, it is crucial to perform
a study of the influencing parameters using numerical
simulations of the blast demolition process. This scientific
approach makes it possible to determine the optimum
position and timing setup of the explosives, which are
needed to have the desirable collapse strategy.

Guyed tubular masts in their statically stable position are
laterally restrained by cables, which can be considered as
intermediate supports. Removing these cables during de-
molition creates a change in the internal force distribution of
the mast and results in a tall and extremely slender beam that
is only supported by a hinge at the base. Such a system is not
only unstable but also susceptible to local buckling due to
a bending moment generated by inertia forces during the
falling process. Determining the location and timing of such
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a buckling during the demolition process can avoid an
undesired demolition outcome. Using an appropriate nu-
merical model of the guyed mast in conjunction with
sensitivity and cluster analyses, it is possible to predict all
possible outcomes of the demolition with respect to the
design parameters.

2. Case Study

To demonstrate the methods and procedures that can be used
to identify an appropriate blast setup, a demolished guyed
mast is used in this paper. The total height of this guyed mast
above ground level was almost 240 m, but the mast itself was
resting on the roof of a 6.20 m high building. It had a circular
hollow cross section with an inner diameter of 1.48 m. Up to
a height of about 130 m, the wall thickness was 11 mm, and
above it measures 9 mm. Wall thinning due to corrosion was
not observed since it was regularly maintained. The mast was
anchored by three sets of cables in three directions. All this
information was available from design drawings and reports.
The mast was demolished in 2013 by cutting the two sets of
cables at the same time as shown in Figure 1.

The falling direction was chosen such that the second
antenna mast and buildings in the vicinity would not be
damaged during the demolition. It was intended that the
mast falls like a tree straight into the direction of the cables
that were not cut. However, as indicated in the overlay
Figure 2, the mast buckled in an early phase of falling causing
the upper part of the mast to fold back. Fortunately,
neighbouring buildings were not damaged.

3. Numerical Simulation Model

Realistic simulation of the entire complex dynamic process
of guyed mast demolition by means of controlled explosive
detonation is one of the most important steps towards
understanding the behaviour of the structure and to foresee
the problems which should be mitigated during the actual
blast demolition. The simulation of guyed mast demolition is
a transient dynamic problem with large deformations and
rotations involving geometrical and physical nonlinear be-
haviour, contact, and impact conditions. One appropriate
approach to solve this problem is using an explicit finite
element method [17] which uses a very small time step to
determine the acceleration of a moving system due to ap-
plied external forces and gravity. Here, the computation of
the accelerations in the following equation for each time
increment i can be optimized by using a lumped mass matrix
M which simplifies the computation of its inverse:

i, =M 'E, (1)

where F; represent the summation of internal and external
forces. The internal element forces which include all non-
linearities as well as contact conditions are calculated by the
formulation built in the element and material models
according to [18]. In explicit time integration methods, the
solution at time step ¢;,; depends only upon quantities at
time instant t;. Here, a central difference method is used to
approximate the velocities and accelerations at t;:

Shock and Vibration

z

Nearby

Guyed mast under
demolition

Neighbouring\
guyed mast

t=4s
t=8s .\y Guyed mast under demolition
t=10s N att=0s
N
Neighbouring mast
t=12s

Detonation of
= 11)g explosives on the

b, cables at t=0s

=145 ’t’ ‘/

F1GURE 2: Demolition of guyed antenna mast in 2013.

o Ui U
= 2
“ 20t (2)
i = (is12) ~ i1)) i — 205+ Uy )
' (At) (At)Z >

where ;15 = (u;,; —u;)/At and u;_ () = (w; —u;_,)/At.
From (2) and (3), the displacement can be derived as
follows:
Uiy1) = Uiy + WAL

(4)

Ujpy = U + Uy )AL,

For stability reason, the time step allowed in this method
should be less than or equal to the critical time step At [19]
as given in the following equation, where T, is the shortest
period of the finite element assemblage with n degrees of
freedom:

At<At, = 5 (5
s
The finite element analysis (FEM) presented in this paper
is conducted using explicit time integration implemented in
LS-DYNA [20].
The shaft of the mast was modelled using 6441 4-node shell
elements based on Reissner-Mindlin kinematic assumptions
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[21] and with an average square mesh size of 45 cm while the
cables were represented by 400 beam elements with an average
mesh size of 4 m as shown in Figure 3. Based on a respective
parametric study, further resolution of the mesh size did not
make a significant difference on the result of the general
collapse simulation. To approximate the ground surface, a
rigid surface has been introduced. The steel pipe section with a
yield stress of 250 MPa and failure strain of 0.2 for eroding
elements is modelled using an elastic-plastic material model
with kinematic hardening [22]. Here, an effect of high strain
rates on the material behaviour is not considered since the
blast loading is only applied to the cables.

The computation of the model was performed on Intel
Xeon E5-2650 v2 using the MPP version of LS-DYNA on 4
processors. The average computational time for a computed
time of 20 seconds, which is the time needed to complete the
demolition processes, was about 50 minutes with a time step
size of approximately 1.80 x10~> seconds (1,090,630 time
steps).

4. Sensitivity Analysis

The outcome of blast demolition of guyed masts depends on
several parameters involved in the process. In the pre-
liminary parameter study, uncertainties of input parameters
such as mass distribution of the mast and prestress in the
cables did not show a significant influence on the demolition
process. Here, the most important input parameters are the
time of explosive detonation (ToED) for the cables which
determines the fall regime of the guyed mast. All possible
outcomes of the demolition process for the selected range of
ToED can be realized using a sensitivity analysis [23]. To
identify from a simulation if the mast has fallen down into
the specified debris area and according to the collapse re-
gime, the resultant horizontal displacement of the mast’s tip
and the time when the first buckling occurred were selected
as the output parameters, respectively.

For the global sensitivity analysis, two hundred samples
for different ToED were generated by means of a Latin
hypercube sampling algorithm [24, 25]. The predefined
limits for the parameters are given in Table 1. In all sim-
ulations, the upper level cable is cut at the beginning of the
demolition (¢ = 0s). The effect of the blast loading during the
demolition is neglected since the small explosives used to cut
the cables with an average diameter of 35 mm are located at
the base of the cables and do not affect the collapse of the
mast. Therefore, a death option at the support of the cables
was applied to simulate the cutting process. For each sample
set of parameters, a numerical simulation of the complete
demolition process has been performed. Based on the re-
sults, a respective response surface was generated by means
of a moving least squares (MLS) approximation [26]. In the
MLS approximation, a local character of the regression is
obtained by introducing position-dependent radial weighting
functions. An arbitrary function f (x) can be approximated
by the following equation [27]:

1.48 m diameter
steel pipe

Lower cable

/

Simple support

Roof of the
structure

below the mast

FiGure 3: Overview of the FEM model in LS-DYNA.

TaBLE 1: Input parameters considered.

Range (s)
0to6
0to 8

Input parameter

ToED for middle cable
ToED for lower cable

n
F) =) pi(x)a;(x) = p' (x)a(x), (6)
i=1
where p;(x),i =1, 2, ..., n,are the basis functions, n is the
number of terms in basis functions, and a, (x) are the re-
spective coefficients. The basis function was defined
as a quadratic polynomial function p’ (x) = [1, x, y, x?,
xy, y*]. The coefficients were determined by a weighted
least squares method minimizing the L?-norm error Ly

Ly = [Pa(x) - f]"W[Pa(x) - f], (7)

with respect to the unknown coefficients a(x) yielding
OLy,
da(x)

=0—a(x) =[P'WP| [P'W]f,  (®)

where a(x) are the moving coeflicients and W (x) is the
diagonal matrix for m given nodes:

W (x) = diag(w(d,), ..., w(d,,)). (9)

The weighting function value of a node i at an in-
terpolation point x is introduced by the following regu-
larized formulation [28]:
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where d = ||x — x,|| is the distance between the interpolation
point and the supporting point and D is the influence radius
which is constant or dependent on the position of x. The
regularization parameter € has to be very small for higher
accuracy, but it has to be larger than the square root of the
machine precision to avoid numerical problems. Finally,
substituting (8) into (6) yields the MLS approximation as
follows:

7x) = p" () [P'WP] [PTW]f. (11)

In Figures 4 and 5, the MLS approximations for the
output parameters of the tip resultant displacement and time
of buckling with respect to the variation of the input pa-
rameters are shown.

Here, the plateau region around 240m of tip displacement
in Figure 4 indicates that the mast falls without folding since
the local buckling occurs at the late stage of the demolition
processes as shown in the response surface approximation of
the time of first buckling (Figure 5). Using a cluster analysis,
these results are further classified into different types of
collapse regimes within the predefined time setups.

5. Cluster Analysis

Cluster analysis is a grouping of objects or samples based on
a given criterion for pattern recognition. Lists of objects
belonging to the same group are called clusters. The sample
points from the sensitivity analysis, which are representing
different collapse regimes for the respective setup of ToED,
can be clustered based on the folding mechanism or the fall
regime of the guyed mast. In order to compare the folding
type of the guyed mast for each sample, the displacement of
the mast throughout the height was collected at the time of
the first buckling (Figure 5). Then, the collected displace-
ment vectors forming each sample are quantitatively com-
pared to each other using the modal assurance criterion
(MAC) [29], and the ones which show largest MAC value
(closest to one) are clustered together. The MAC value is
calculated as the normalized scalar product of the two sets of
vectors {¢,} and {¢y}. The resulting scalars are arranged
into the MAC matrix as follows:

|{‘PA}T{‘PX}|2
({‘PA}T{(PA})({SDX}T{(PX}).

In Figure 6, the samples which are similar in their
collapse scheme are clustered together and shown by the
same color. The results of the cluster analysis clearly show
different regions of collapse scheme in the input parameter

(12)

MAC(A, X) =
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FIGURE 6: Results of cluster analysis.

space which will help us to select an appropriate combination
of ToED for the desired type of demolition regime shown in
Figure 7. The case of Regime A is similar to the actual



Shock and Vibration

~ <«—1t=0s

t=11s
N

t=13s
t=14s ~

t=15s

\

t=16s

t=19s "\

(d)

FIGURE 7: Types of fall regimes: (a) Regime A, (b) Regime B, (c) Regime C, and (d) Regime D.

demolition of the guyed mast shown in Figure 2 since the
ToED for middle and lower cables is close to zero. This
similarity of result validates the numerical model used to
simulate the demolition of the guyed mast.

Based on the site layout shown in Figure 1, the best
demolition scheme for the case study would be any deto-
nation sequence well within the boundaries of Regime B in
which the mast falls in the desired direction like a tree
without any imminent damage to the nearby structures. All
the other regimes are not suitable because of the following:

(i) Regime A has a high probability of the mast tip
hitting the nearby structure and an incomplete
collapse for a small section of the guyed mast as
shown in Figure 8.

(ii) Regime C has an even higher probability of in-
complete collapse since the triangular mast con-
figuration at t = 17 s can deeply penetrate into the
ground during impact depending on the soil con-
dition of the demolition site. In this case, the
remaining parts of the guyed mast must be removed
by an expensive procedure.

(iii) Regime D can cause damage to the nearby structures
since the base of the mast slides opposite to the fall
direction.

FIGURE 8: Guyed mast debris section partly penetrated into the
ground.

6. Conclusion

The objective of this study was to assess the influence of
specific input parameters on the outcome of a guyed mast’s
demolition process based on a numerical simulation. The
case study presented in this paper shows an approach to
conduct a controlled explosive demolition for cutting the
support cables. According to the sensitivity analysis, the



change in the input parameters, such as ToED, highly in-
fluences the result of the demolition process. The two output
parameters selected for this case study show the behaviour of
the mast during the demolition. As the objective is to prevent
damage of structures in the neighbourhood, it is recom-
mended to search for a detonation sequence that leads to
a maximal horizontal displacement of the masts tip at the
end of the demolition process. This detonation sequence is
clearly shown on the sensitivity analysis (Figure 4) by the
plateau region at about 240 m; likewise to achieve this
horizontal displacement, the time of the first buckling
should be as late as possible which is above 12's (Figure 5).

In general, the availability of all possible types of collapse
regime from the cluster analysis facilitates the choice of a safe
explosive time setup for the cables by selecting an appro-
priate parameter set which results in a collapse of the mast
with a minimal risk for structures in the vicinity. This re-
search can also be further extended to demolition of guyed
lattice masts which are usually much stiffer than guyed
tubular mast. In these cases, local failure can occur not only
due to buckling but also due to other reasons such as the
exceedance of the joint strength.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors gratefully acknowledge the support of the
Federal State of Thuringia scholarship (Thiiringer
Graduiertenférderung).

References

[1] E. Lauritzen and J. Schneider, “The role of blasting techniques
in the demolition industry,” in Proceedings of the World
Conference on Explosives and Blasting Technique, pp. 377-382,
Munich, Germany, September 2000.

[2] S. Mattern, G. Blankenhorn, and K. Schweizerhof,
“Computer-aided destruction of complex structures by
blasting,” in High Performance Computing in Science and
Engineering, vol. 6, pp. 449-457, Springer, Berlin, Germany,
2007.

[3] K. Uenishi, H. Takahashi, H. Yamachi, and S. Sakurai, “PC-
based simulations of blasting demolition of RC structures,”
Construction and Building Materials, vol. 24, mno. 12,
pp. 2401-2410, 2010.

[4] D. Hartmann, M. Breidt, F. Stangenberg et al., “Structural
collapse simulation under consideration of uncertainty-
fundamental concept and results,” Computers and Structures,
vol. 86, no. 21-22, pp. 2064-2078, 2008.

[5] M. Baitsch, M. Breidt, M. Ilikkan, and D. Hartmann, “Evo-
lutionary optimization of strategies for the demolition of
buildings with explosive charges using multibody dynamics,”

Shock and Vibration

in Proceedings of the Eighth International Conference on
Computational Structures Technology, Civil-Comp Press, Las
Palmas, Spain, September 2006.

[6] U. Starossek, Progressive Collapse of Structures, Thomas
Telford Publishing, London, UK, 2009.

[7] J. M. Adam, F. Parisi, J. Sagaseta, and X. Lu, “Research and
practice on progressive collapse and robustness of building
structures in the 21st century,” Engineering Structures,
vol. 173, pp. 122-149, 2018.

[8] L. Kwasniewski, “Nonlinear dynamic simulations of pro-
gressive collapse for a multistory building,” Engineering
Structures, vol. 32, no. 5, pp. 1223-1235, 2010.

[9] F. Fu, “Progressive collapse analysis of high-rise building with
3-d finite element modeling method,” Journal of Construc-
tional Steel Research, vol. 65, no. 6, pp. 1269-1278, 2009.

[10] S. Gao and S. Wang, “Progressive collapse analysis of latticed
telecommunication towers under wind loads,” Advances in
Civil Engineering, vol. 2018, Article ID 3293506, 13 pages, 2018.

[11] B. I. Song and H. Sezen, “Experimental and analytical pro-
gressive collapse assessment of a steel frame building,”
Engineering Structures, vol. 56, pp. 664-672, 2013.

[12] E. Brunesi, R. Nascimbene, F. Parisi, and N. Augenti, “Pro-
gressive collapse fragility of reinforced concrete framed
structures through incremental dynamic analysis,” Engi-
neering Structures, vol. 104, pp. 65-79, 2015.

[13] F. Parisi, “Blast fragility and performance-based pressure-
impulse diagrams of European reinforced concrete columns,”
Engineering Structures, vol. 103, pp. 285-297, 2015.

[14] T. Wang, Q. Chen, H. Zhao, and L. Zhang, “Experimental
study on progressive collapse performance of frame with
specially shaped columns subjected to middle column re-
moval,” Shock and Vibration, vol. 2016, Article ID 7956189,
13 pages, 2016.

[15] R. Ahmadi, O. Rashidian, R. Abbasnia, F. Mohajeri Nav, and
N. Usefi, “Experimental and numerical evaluation of pro-
gressive collapse behavior in scaled RC beam-column sub-
assemblage,” Shock and Vibration, vol. 2016, Article ID
3748435, 17 pages, 2016.

[16] P. Russo and F. Parisi, “Risk-targeted safety distance of
reinforced concrete buildings from natural-gas transmission
pipelines,” Reliability Engineering and System Safety, vol. 148,
pp. 57-66, 2016.

[17] S.R. Wuand L. Gu, Introduction to the Explicit Finite Element
Method for Nonlinear Transient Dynamics, John Wiley &
Sons, Hoboken, NJ, USA, 2012.

[18] T. Belytschko, J. I. Lin, and T. Chen-Shyh, “Explicit algo-
rithms for the nonlinear dynamics of shells,” Computer
Methods in Applied Mechanics and Engineering, vol. 42, no. 2,
pp. 225-251, 1984.

[19] K. Bathe, Finite Element Procedures, Prentice-Hall, Engle-
wood Cliffs, NJ, USA, 1996.

[20] J. O. Hallquist, LS-DYNA Theory Manual, Livermore Software
Technology Corporation, Livermore, CA, USA, 2006.

[21] D. Benson, Y. Bazilevs, M.-C. Hsu, and T. Hughes, “Iso-
geometric shell analysis: the Reissner-Mindlin shell,” Com-
puter Methods in Applied Mechanics and Engineering, vol. 199,
no. 5-8, pp. 276-289, 2010.

[22] R. Krieg and S. Key, “Implementation of a time independent
plasticity theory into structural computer programs,” in
Constitutive Equations in Viscoplasticity: Computational and
Engineering Aspects, pp. 125-137, American Society of Me-
chanical Engineers, New York, NY, USA, 1976.



Shock and Vibration

(23]

(24]

(25]

(26]

[27

(28]

(29]

A. Saltelli, M. Ratto, T. Andres et al, Global Sensitivity
Analysis, The Primer, John Wiley and Sons, Hoboken, NJ,
USA, 2008.

M. McKay, W. Conover, and R. Beckmann, “Comparison of
three methods for selecting values of input variables in the
analysis of output from a computer code,” Technometrics,
vol. 21, no. 2, pp- 239-245, 1979.

R. Iman and W. Conover, “A distribution-free approach to
inducing rank correlation among input variables,” Commu-
nications in Statistics-Simulation and Computation, vol. 11,
no. 3, pp. 311-334, 1982.

P. Lancaster and K. Salkauskas, “Surfaces generated by
moving least squares methods,” Mathematics of Computation,
vol. 37, no. 155, pp. 141-158, 1981.

H. Zhang, C. Guo, X. Su, and C. Zhu, “Measurement data
fitting based on moving least squares method,” Mathematical
Problems in Engineering, vol. 2015, Article ID 195023,
10 pages, 2015.

T. Most and C. Bucher, “A moving least squares weighting
function for the element-free Galerkin method which almost
fulfills essential boundary conditions,” Structural Engineering
and Mechanics, vol. 21, no. 3, pp. 315-332, 2005.

R.J. Allemang and D. L. Brown, “A correlation coeflicient for
modal vector analysis,” in Proceedings of the Ist International
Modal Analysis Conference, vol. 1, pp. 110-116, Union College
Press, Orlando, FL, USA, November 1982.



International Journal of

Rotating

Machinery

The Scientific . 35
WorldJournal ——  Sensors BRI~

Journal of
Control Science
and Engineering

sin

Civil Ehgineering

Hindawi

Submit your manuscripts at
www.hindawi.com

2 1 Journal of
Journal of Electrical and Computer
Robotics Engineering

Advances in
OptoElectronics

International Journal of

Modelling & Aerospace

\r‘\tf}m_at\'g;wla\ Journal of Simulation q o
Navigation and in Engineering Engmeerlng

Observation

International Journal of ) :
International Journal of Antennas and Active and Passive T
Chemical Engineering Propagation Flectronic Components Shock and Vibration A and Vibration


https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

