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A BSTRACT: In this work, we report on field measurements of a flexible pylon under the influence of external loads for the purpose of developing a structural health monitoring system capable of operating continuously and in remote
mode. The basic idea behind such a system is to use the minimum number of
sensors, enhanced with structural analysis capabilities, so that the continuously
generated streams of data can be processed locally. These data streams could
contain kinematic and/or stress variables as functions of time and would be
remotely transmitted to a central processing unit for further evaluation. This
will happen only if a preliminary evaluation of the data indicates that there is a
strong possibility that the monitored structure is showing signs of overloading
resulting in localized damage. In that case, a maintenance crew would be sent
to inspect the structure in question more thoroughly. The entire procedure can
be placed within an artificial intelligence environment in the form of an expert system that could outline a repair and rehabilitation protocol. Among the
loads under consideration could be wind, temperature and ambient vibrations
due to traffic. It is believed that in the near future, structural health monitoring
will play a pivotal role in helping ensure the safe and continuous operation of
infrastructure systems such electric power lines, telecommunication antennas,
natural gas pipelines and bridges.
K EY WORDS : pylons, structural health, finite elements, field measurements,
ambient vibrations, structural dynamics.

1

I NTRODUCTION

Structural health monitoring (SHM) has emerged over the last few decades as a protocol for gaining insights into the operating condition of civil engineering infrastructure [1–3]. To this end, it is important to be able to describe the current operating
state of either a structural system or a structural component from data recovered by
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continuous monitoring over time. This way, system identification procedures can
be used to yield estimated numerical values for key structural parameters that will
be taken into account by engineers responsible for the operation of civil engineering infrastructure [4, 5] when deciding on issues of repair, retrofit and rehabilitation.
Since data collection from vibrating structures is common practice in SHM, several
system identification methods have been developed over the years for investigating
and quantifying their transient response [6–8]. More specifically, the basic technique
available is experimental modal analysis, which computes estimates of dynamic properties such as natural frequencies, mode shapes and damping ratios of lightly damped
structures under environmentally induced dynamic loads through processing of both
input and output data. More recently, operational modal analysis (OMA) methods
have been drawing increasing attention, owing to the relatively low implementation
cost and negligible interference with the operation of the structures monitored [9,10].
In contrast to experimental modal analysis, which uses the input-output relationship
for extracting dynamic properties, OMA typically builds upon output-only methods
that are employed for system identification and damage detection.
In setting up an SHM system, the collection of response data is performed in tandem with data processing to extract useful information about the structure’s current
condition. These data processing methods are usually combined with numerical modeling for assessing the structural condition in either of two ways [11]: (i) Educated
assumptions regarding the material and structural properties of the monitored structure, known as ‘model-based’ monitoring, or (ii) relationships between structural response data sets, irrespective of the physics underlying the structural response, known
as ‘model-free’ monitoring. Obviously, ‘model-based’ data processing in SHM is
more robust and provides valuable insights into the relationship between structural
response data and the underlying structural behavior. Furthermore, they offer elaborate model definitions that enable accurate predictions of the structural behavior if
uncertainties in the modeling assumptions are rather low. Nonetheless, the bulk of
state-of-the-art SHM strategies nowadays is associated with ‘model-free’ data processing, due in part to the relatively low bias in condition assessment, since epistemic
uncertainty is essentially alleviated, and also because of the efficiency of data-driven
analysis algorithms (such as neural networks) yielding the structural properties. In
‘model-free’ monitoring, mathematical models hold no part in the assessment of the
actual structural condition and are reduced to rudimentary assumptions, for example in considering correlations between structural response data sets collected from
different sources.
In this work, we test an integrated, portable monitoring system with minimal configuration for determining the dynamic response of a flexible, cantilevered steel pylon
used in as part of an array comprising the lighting system serving the main campus of
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Aristotle University in Thessaloniki, Greece. This system consists of two accelerometers, a signal conditioner, a power supply and a dedicated personal computer for data
processing, plus the necessary cables. It is possible to monitor the response of the
pylon over extended time periods, while a numerical model of the pylon can compute
upon demand its dynamic properties using in-situ properties, thus enabling a comparison with measured data This system will be completely automated in the future along
the following lines: (i) The accelerometers will be replaced by wireless sensors with
limited analysis capabilities so that data will be transmitted to a central processing
unit only when certain pre-set markers are exceeded by the recorded data stream [12];
(ii) When this happens, the data will be analyzed more extensively within the framework of an expert system (ES) setup, which will decide upon the necessary course
of action, i.e., if a visual inspection is warranted followed by recommendations for
strengthening and rehabilitating the structure in question.
2

F IELD E XPERIMENT ON A F LEXIBLE C ANTILEVERED P YLON

The flexible, cantilevered steel pylon of Fig. 1(a) with tapering is part of the lighting pole network used in Aristotle University’s campus in Thessaloniki, Greece. As
such, it was chosen for testing the use of a portable data collection, processing and
transmission system for recording the vibrations induced to the pylon from external
sources. More specifically, the measurements took place in the grounds of the Engineering School where access to the pylon was easy, requiring only a ladder. The
external loads were thrusts to the pylon induced manually, because it was difficult to
trace any vibrations due to traffic in a nearby avenue. The geometry of the pylon is
shown in Fig. 1(b), as is a close-up of the cross-section in Fig. 1(c), and a table with
relevant technical information in Fig. 1(d). More specifically, the material is a coldform steel sheet of thickness of t = 3 mm, grade S235, with a modulus of elasticity
E = 210 GPa and a mass density ρ = 7.85 tn/m3 . The mean radius at the bottom is
47.5 mm, while the mean radius at the top is 30 mm Finally, the clear height of the
pylon is 3.5 m and its total height with the lamp housing is 4.25 m.
Both Kyowa accelerometers used must have a common start time for their recordings, with a 10 s ‘pre-event time’ prior to the imposition of the external input, followed by a 20 s ‘post-event time’. Thus, the record time-length is the sum of the
‘pre-event time’, the actual vibration event and the ‘post-event time’. The inserted
noise was removed from all primary recorded acceleration time-histories using a digital Butterworth band-pass filter, which for conventional structures operates in the
frequency range 0.5–40 Hz, while for flexible structures the lower bound is brought
down to 0.25 Hz. In addition, a linear baseline correction for all recorded acceleration
time-histories was applied.
The signal recording process was left to run continuously so that a number of trials could be repeated. Next, the time-histories of ‘the modal translational response
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(a)

(c)

(b)

(d)

Fig. 1: (a) Steel pylon used as a light post; (b) dimensions indicated in (m) along
with the placement of two accelerometers; (c) circular cylindrical cross-section; (d)
design details.

accelerations’ at the two pylon locations A, B, namely sensors 1 and 2 in Fig. 1(b),
respectively, were further processed once the eigenfrequencies of the pylon had been
identified [13]. More specifically, using a suitable digital Butterworth bandpass filter,
which allows for only a single specified frequency to pass through, i.e. the eigenfrequency under question, a harmonic ‘modal translational response acceleration’ timehistory at each of locations A, B was obtained. From these new graphs, the maximum
modal response amplitude at each location, as well as the phase difference, can be
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identified. These maximum modal response amplitudes a, b corresponding to the
modal time-histories recorded at sensors A, B are normalized. Thus, ratios a/a, b/a
are the components of the mode shape at the locations of the accelerometers, as the
influence of the external excitation has been removed. Obviously, this procedure can
be extended for any number of sensors A, B, C, D, ... In addition, the signs of the
modal components are also recovered, because when the phase difference between

(a)

(b)

(c)

Fig. 2: (a) Sequence of transient recordings to initial displacements; (b) a single
transient record lasting 16 s; (c) Fourier transform of this record.
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the modal time-histories is equal to zero, then the modal components have the same
sign, while when it is equal to π, then the modal components have opposite signs.
Finally, the viscous damping ratio in each modal response time-history is calculated
according to the logarithmic reduction of the amplitude over one period length during the transient motion of the structure, which past the second half of the ‘post-event
time’, is close to a free vibration.
3

P YLON M EASURED DYNAMIC C HARACTERISTICS

As previously mentioned, following placement of the portable recording system comprising two accelerometers, a signal conditioner, and dedicated personal computer
with the necessary software, the pylon was given a manual thrust at a location of
1 m from the base and the pylon’s response was continuously recorded. Once the
pylon stopped vibrating, the event was reproduced a number of times and the entire
testing procedure lasted for about two hours. Shown in Fig. 2(a) below is typical

(a)

(b)

Fig. 3: Experimentally measured eigenproperties for: (a) the first; and (b) the second
flexural modes of vibration of the cantilevered pylon.
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sequence of recordings obtained from this series of events. One such event is isolated
in Fig. 2(b), followed by its Fourier transform (FT) in Fig. 2(c). It is noted that the
first two peaks in the FT plot are natural frequencies of the vibrating pylon, while
subsequent peaks are difficult to pin-point. Finally, the corresponding modal shapes
are computed following the method previously outlined, see also Ref. [13], and are
plotted in Fig. 3. Given the fact that the cantilevered pylon is flexible and that the expected, environmentally-induced vibrations are most likely to be in the low frequency
range of 0.2–10 Hz, the two eigenmodes that are recovered from the two sensors are
deemed sufficient for reproducing its dynamic response.
4
4.1

M ODELS AND N UMERICAL S IMULATION R ESULTS FOR THE P YLON
E XPERIMENTAL DATA ASSESSMENT

Consider a two degrees-of-freedom (DOF) equivalent model of the pylon. The displacement vector u, the lateral stiffness matrix K and its mass matrix M are as
follows:






u1
k1,1 k1,2
m1 0
(1)
u=
, K=
, M=
.
u2
k2,1 k2,2
0 m2
We note that the stiffness and mass matrices are symmetric and positive definite.
Using the above representation, numerical values for the unknown stiffness coefficients k1,1 , k1,2 , k2,2 as well as for the concentrated masses m1 , m2 will be computed. This is done by recourse to the eigenvalue problem that yields the two mode
shapes ϕ 1 , ϕ 2 that have already been identified from the in-situ experimental records
shown in Fig. 3. We begin by taking into account the orthogonality conditions [14],
where the first mass-weighted orthogonality condition and the first stiffness-weighted
orthogonality condition respectively give
(2)

ϕ2 = 0 ⇒ ϕ1,1 ϕ1,2 m1 + m2 = 0 ,
ϕ T1 Mϕ

(3)

ϕ2 = 0 ⇒ ϕ1,1 ϕ1,2 k1,1 + (ϕ1,2 + ϕ1,1 )k1,2 + k2,2 = 0 .
ϕ T1 Kϕ

Furthermore, we can calculate the generalized-masses M1 , M2 and generalizedstiffnesses K1 , K2 for the first and second mode shapes, respectively, using the following relations:
(4)

ϕ1 = M1 ⇒ ϕ21,1 m1 + m2 = M1 ,
ϕ T1 Mϕ

(5)

ϕ1 = K1 ⇒ ϕ21,1 k1,1 + 2ϕ1,1 k2,1 + k2,2 = K1 ,
ϕ T1 Kϕ

(6)

ϕ2 = M2 ⇒ ϕ21,2 m1 + m2 = M2 ,
ϕ T2 Mϕ

(7)

ϕ2 = K2 ⇒ ϕ21,2 k1,1 + 2ϕ1,2 k2,1 + k2,2 = K2 .
ϕ T2 Kϕ
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Finally, since the circular frequencies ω1 , ω2 for the first and second modes, respectively, are known from the experimental records, we can write that
ω12 = K1 /M1 ,

(8)

ω22 = K2 /M2 .

Solving the above system of equations for the unknown stiffness and mass coefficients yields
(9)
(10)

k1,1 = −

b(1 + d)
k1,2 ,
k2,2 = −ϕ1,1 ϕ1,2 k1,1 − (ϕ1,2 − ϕ1,1 )k1,2 ,
a − cd
k1,1
b 1
,
m2 = −ϕ1,1 ϕ1,2 m1 ,
m1 = 2 +
a ω12
ω1

where a = ϕ21,1 − ϕ1,1 ϕ1,2 , b = ϕ1,1 − ϕ1,2 , c = ϕ21,2 − ϕ1,1 ϕ1,2 and d = aω12 /cω22 .
We note that in the special case where mass m1 is estimated with good accuracy,
the stiffness coefficients can be recovered from the equations given below
(11)

k1,1 = m1 ω12 −

b ω12
,
a ω22

k1,2 = −

a − cd
k1,1 .
b(1 + d)

The experimental measurements summarized in Fig. 3 give




 
 
ϕ1,1
ϕ1,2
0.31
−0.4812
(12)
ϕ1 =
, ϕ2 =
,
=
=
ϕ2,1
1.00
ϕ2,2
1.00
(13)

ω1 = 2πf1 = 2π × 3.32 = 20.86 rad/s,
ω2 = 2πf2 = 2π × 5.07 = 31.86 rad/s.

Thus, the mass (in tn) and stiffness (in kN) values from the measured data are
estimated as


 
k1,1 k1,2
20.3741 −2.82677
,
=
K=
k2,1 k2,2
−2.82677
2.5553
(14)

 

m1 0
0.05
0
M=
=
.
0 m2
0
0.0075
4.2

N UMERICAL MODELS

Two categories of numerical models were used to reproduce the experimental results,
namely the finite element method (FEM) [15] and an analytic model of the pylon with
a disturbed mass along its height, i.e. an elastic waveguide [16]. Both the FE and the
analytical model, which was programmed in the Python language [17], were loaded
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(a)

(b)

(c)

(d)

Fig. 4: (a) Pylon modelled as an elastic waveguide; (b) longitudinal cross-section of
infinitesimal length dx showing the force resultants; (c) deformed pattern; (d) crosssection.
on the same HP laptop computer that was concurrently used for the data collection
and processing.
Starting with the analytical model, the equations of motion for both axial and
flexural pylon vibrations are derived by considering force and moment equilibrium
of the differential segment dx of the tapered cantilever shown in Fig. 4. More specifically, we derive two coupled governing equations of motion in the longitudinal and
transverse directions, respectively, as
(15)
(16)

∂ 
∂u(x, t)  ∂ h
∂w(x, t) i
∂ 2 u(x, t)
EA(x)
−
Q(x, t)
−m(x)
= p(xt),
∂x
∂x
∂x
∂x
∂t2
∂ 2 w(x, t)  ∂
∂w(x, t)
∂ 2 w(x, t)
∂2 
EI(x)
−
[N
(x,
t)
]+m(x)
= f (xt).
∂x
∂x
∂x2
∂x2
∂t2

In the above equations, the kinematic variables are the transverse and axial displacements w(xt), u(xt), respectively, while the force variables are the shear and
axial forces Q(x, t), N (xt), respectively. Furthermore, EI(x), EA(x), m(x) are
the corresponding variable flexural stiffness, axial stiffness and mass, while p(x, t),
f (x, t) are the distributed loads along the length of the pylon and perpendicular to it,
respectively.
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Since flexural vibrations primarily occur in the low frequency range below 20 Hz,
while axial vibrations materialize in the range past 100 Hz, we ignore the coupling
∂
∂w
∂
∂w
terms
[Q
] in the former and
[N
] in the latter equation. Next, we in∂x ∂x
∂x ∂x
troduce the variable stiffness and mass terms for the mean radius that increases as
the square of the height, which is an assumption that closely matches the case of the
pylon that was tested, as
(17) EA(x) = (EA)0 (x/a)2 ,

EI(x) = (EI)0 (x/a)6 ,

, m(x) = m0 (x/a)2 ,

where (EA)0 , (EI)0 , m0 are reference values computed at x = a, the top of the
waveguide.
Assuming a time harmonic environment, the input and the response can be written
in terms of a position dependent amplitudes times the term exp(iωt), where ω (rad/s)
is the frequency of vibration. Therefore, the dependent variables are now the amplitudes of the axial and flexural vibration W (x), U (x) and the governing equations for
free vibrations are now
(18)
(19)

a2
U = 0,
(EA)0
a6
W = 0,
[x6 W 0000 + 12x5 W 000 + 30x4 W 00 ] − ω 2 m0 (x/a)2
(EI)0
00

[x2 U + 2xU 0 ] + ω 2 m0 (x/a)2

which respectively are a Bessel equation of fractional order for axial motion and a
Euler equation for flexural motion. Details of the solution for the flexural eigenproblem, which is considered as ‘exact’ to within the range of assumptions made for
deriving the mathematical model, can be found in Ref. [16].
As far as modelling details go, the values provided by the manufacturer in Fig. 1(d)
and detailed in Section 2 were used. The pylon without the light unit is free at the
top (zero shear force and bending moment) and fixed at its base (zero transverse displacement and rotation). In order to include the light unit, the pylon was modelled
to a height of 4.25 m and its mass was computed as M = 24.2 kg, while the mass
of the supported lamp was estimated to be ML = 8.9 kg. This gave a mass ratio
R = 0.368, and therefore a modification in the boundary condition at the top of the
pylon was required by setting the shear force equal to the lamp mass times the top
acceleration. Finally, Fig. 5 depicts the first two eigenmodes Φ(ξ), ξ = x/l of the
pylon and their corresponding eigenfrequencies.
Next, the FEM was used and two basic discretizations were considered, the first
employing 19 beam finite elements (FE) along the height of the pylon with 2 nodes
per element and 6 degrees-of-freedom (DOF) per node, resulting in a total of 117
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Fig. 5: Numerically generated eigenmodes for flexural vibrations of the cantilevered
pylon using an analytical solution based on the elastic waveguide.

DOF. The second discretization employed 24 shells FE across a given cross-section,
with each shell element having 4 nodes and 6 DOF per node. A total of 400 such
cross-sections were repeated along the height of the pylon and the second mesh resulted in a total of 57,744 DOF. Of course, the latter FEM model also reproduces
additional modes of vibration, such as torsional and ‘breathing’ modes, which are
absent if the induced vibrations were of the flexural type.
As far as modelling details go, we note that the base of the pylon was bolted to
a concrete slab acting as the foundation, while the lamp unit at the top is considered
as an extension of the pylon’s cross-section. As previously mentioned, the pylon is
tapered with a base diameters of 0.095 m, while the diameter at the top just prior to
the attachment of the lamp unit is 0.054 m. The simulated height of the pylon was
4.0 m and the lamp unit was modelled as a concentrated mass of 7.0 kg added to the
top. An additional detail in modelling the pylon with beam FE was to relax the base
fixity by introducing two rotational springs with a stiffness of 337 kN/(m/rad), which
correspond to the locally compacted clay ground profile stiffness. When shell FE
were used, two horizontal and one vertical spring with stiffnesses of 900 kN/m and
14,200 kN/m, respectively, were used at the base nodes. However, these modelling
details did not influence the pylon’s eigenproperties in the low frequency range. This
was further confirmed by changing the boundary conditions in the aforementioned

George D. Manolis et al.

363

Fig. 6: Numerically generated eigenproperties for flexural vibrations of the cantilevered pylon using beam finite elements.

analytical model to account for rotational and translational springs, which again made
no discernible difference in the results.
The equation of motion of the pylon modeled as a multi-DOF system under external loads has the general form outlined below
(20)

u(t) + Cu̇
u(t) + Ku
u(t) = F(t),
Mü

where M, C, K, F respectively are the mass, damping and stiffness matrices and
the external force vector. Initial conditions on the displacement and velocity vecu(t = 0) must also be assigned in conjunction with Eq. (6). Next,
tors u (t = 0), u̇
Rayleigh’s assumption is used to construct the damping matrix as a linear combination of the mass and stiffness matrices, with the two constants required in this representation evaluated by matching with the damping ratio ζ (%) assigned to the first
two modes of vibration following a modal analysis. Finally, the natural frequencies
and associated modal shapes ωι , ϕ ι , ι = 1, 2, . . . , N , where N is the total number of
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Fig. 7: Numerically generated eigenproperties for flexural vibrations of the cantilevered pylon using shell finite elements.
active DOF, are computed from the following undamped free vibration problem
(21)

|K − ω 2 M| = 0,

where the determinant of the above matrix yields the characteristic polynomial. Typical results from the two FEM model analyses are given in Figs. 6 and 7.
The reason for employing the analytical model instead of just the FEM models
is because of savings in computational resources and running time. For instance,
representative runs for the FEM meshes required (roughly) 2 s and 100 s of execution
time for the beam FE and for the shell FE, respectively, while the analytical model
required 0.1 ms. In the latter case, it is not necessary to load a FEM program to the
PC; only the Python [17] programming language had to be loaded.
5

D ISCUSSION AND C ONCLUSIONS

In sum, for this relatively simple type of flexible structure, we observe excellent
agreement between all sets of numerically generated results with the field measurements for the first mode. Regarding the second mode, however, the numerical results
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from the FEM and the analytical model are in agreement, but they do not pick up the
low second eigenfrequency value shown in the FFT of the recordings, see Fig. 2(c).
Despite that, the numerical results still reproduce the second modal shape that was
measured. Therefore, a number of points that must be made here in conjunction with
the experimental measurements and the numerical modeling:
(a) First, the use of two sensors for a flexible structure such as the pylon is a
minimal configuration. Also, their placement has to be carefully decided upon. By
looking at all the results, the best placement for the second sensor would have been
at the very top of the pylon where motion is most pronounced.
(b) The question of what type of external excitation is to be anticipated is an open
one. Ambient ground vibrations are weak and infrequent, unless the pylon is right
next to a road or railway. In here, we used a simple manual thrust relatively close
to the base of the pylon. This turns out to be unsatisfactory, for it seems to produce
motion that does not quickly degenerate to a nearly free vibration state, which is the
optimal one for processing the experimental results.
(c) It is possible that some torsional motion was introduced to the pylon because of
the manually imposed thrust. Such response is cannot be picked up by the analytical
model, nor by the FEM model employing flexural beam elements. If one observes
Fig. 2(c) more carefully, there is a third peak in the FFT plot at around 17 Hz, which
better agrees with the computed eigenfrequency of 22 Hz.
(d) The best excitation for structural identification would be to use a shaker at
the base of the pylon, which would induce a harmonic response to the pylon and the
flexural eigenfrequencies would show clearly. It would also be possible to use a cable
attached to the top of the pylon that would be suddenly released and induce clear free
vibrations.
(e) The numerical modelling is accurate, especially if the blueprints of the structure are available, as well as relevant mechanical parameter values from the manufacturer. Still, it is important to calibrate the numerical model against the measured
transient response data so as to adjust mechanical parameter values that are in some
doubt.
(f) In our case, no data was available for the light unit at the top of the pylon,
so the analytical and FEM models approached it differently. In the former case, the
light unit was introduced as a boundary condition at the top affecting the horizontal
motion. In the latter case, the entire unit was modeled by finite elements by assuming
it is a continuation of the pylon itself. It is for this reason that the second eigenmode
derived from the analytical model is smooth, while that derived from the FEM model
shows a ‘whiplash’ effect that is expected from a secondary system (the light unit)
attached to a primary system (the pylon)
The ultimate goal of this research effort is the development of an integrated SHM
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system, whereby the monitoring of a representative pylon forming part of an extended
network would be continuous over time. The data streams thus generated would be
processed locally by the sensors themselves using an efficient numerical model of the
pylon. In the case where the data streams reveal some unusual patterns because of
extreme load events, then the sensors would transmit, in wireless mode, those specific
data stream to a centrally located computer for further processing. Should the data
streams reveal a deterioration of the pylon’s performance because of a number of reasons, e.g., formation of plastic regions, the appearance of cracks, material degradation
due to corrosion, etc., then an inspection crew could be sent to check and decide if
remedial work is necessary or not. Furthermore, the entire process can be automated
by placing it within an artificial intelligence setting, as would be the case of an expert
system advising engineers on the necessary course of action. Thus, economies of
scale can be realized in terms external energy requirements, communication times,
computing power and most importantly, of manpower and of material resources. This
path for structural health monitoring is probably the best way currently available for
achieving infrastructure maintenance over time at the lowest possible cost.
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