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Abstract 

This research studies a novel damage detection framework for beam structure systems using 
displacement sensors. First, a finite element model is established under the impact load. Based 
on this model, an accumulative damage model is introduced to model the beam damage, and 
the damage case is considered. Both static and transient displacement are collected from the 
beam sensors installing a long beam structure. A system transfer function (TF) is proposed and 
applied to the “open loop” beam system. Results show these approaches perform great prom-
ises when damage evolves in beam structure.  

Keywords: Beam structure systems, Damage detection, Displacement, Open Loop System, 
Transfer Function, Frequency analysis. 
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1 INTRODUCTION 
In recent years, the construction of beam structures has developed rapidly, and the health 

monitoring of beam structures has become a research hotspot at home and abroad. Reasonable 
configuration of sensors is the premise to ensure the quality of beam structure health monitoring, 
and it is very important to obtain accurate and real-time information on the health status of 
beam structures and realize the monitoring and evaluation of beam structures [1-12].  

Nowadays, more and more use intelligent and digital means to automatically capture various 
structural safety-related data such as environmental temperature and humidity, expansion joint 
displacement, etc. through the beam and plate structural health monitoring system, identify and 
record the development of existing diseases in real time, Discover new diseases and report it, 
assist in decision-making and judgment, reduce maintenance costs, and improve monitoring 
efficiency and quality [13-26]. 

System’s frequency response function using conventional valve closure signals was pro-
posed to study the influence of various faults, friction and pipe wall viscoelasticity on this re-
sponse function and were compared with the corresponding impacts in the time domain [27]. 
The applicability of the transient-based frequency-response function (FRF) method was inves-
tigated for detecting leaks in complex series pipelines [28]. Frequency response method requir-
ing the measurement of pressure and discharge fluctuations at only one location was used as 
the potential to detect leaks in real-life pipe systems conveying different types of fluids [29]. 
An analytical simplification of the original system frequency response-based method was used 
to identify the key blockage parameters governing the frequency shifts and showed that the 
magnitude of the frequency shift increases with the severity of blockages and is related to the 
changes in characteristic impedance and wave propagation coefficient of pipeline (pipe diame-
ter, thickness, and / or wave speed) imposed by the blockage [30]. 

This paper discuss a new damage detection strategy of beams structure in both static and 
transient sensing approaches using displacement sensors, the displacement as system inputs and 
outputs of transfer function system is proposed and applied to the “open loop” beam system. 
To the best of the author's knowledge, no work related to a new damage indicator based on 
“system control theory” has been conducted on beams structure. By applying static and dynamic 
load to the displacement sensor distributed on beam, damage area of the beam can be identified 
by detecting signal changes with an order of magnitude. 

2 BEAM MODELING 

2.1 Beam Description  
Consider a beam subjected to an impact force, as shown in Fig.1 as an example, the beam 

length is 20𝑚, 𝐸 = 210 𝐺𝑃𝑎, 𝜌 = 7850 𝑘𝑔/𝑚3, 𝐴 = 1𝑚2, 𝐼 = 0.083𝑚4. An impact exciting 
force of 1000 𝑁 is applied at the midpoint of the beam. Fig. 2 introduced the force-time relation. 
Various sensors were installed on the longitudinal direction of the beam at total of 20 orders 
element, 21 nodes, as shown in Fig.1 the sensors positions ate each node. Use ANSYS performs 
a transient analysis, simulating damage with stiffness drop at each element. The suitable finite 
elements were selected, i.e. for simulating structural characteristics is used BEAM3 element 
with material model EX 210000, PRXY: 0.3, and DENS: 7.85e-6. The displacement of the 21 
nodes before and after the damage under the action of the exciting force is shown in Fig. 3. 

Fig. 4 shows the acceleration responses of Impact excitation measured from the various sen-
sors installed on the longitudinal direction of the beam. The acceleration responses change due 
to the structural damage. So, the time history acceleration responses are sensitive to structural 
damage and can be used as a damage indicator. Fig.5 shows the energy variations strength or 
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shows at which frequencies variations are strong and at which frequencies variations are weak. 
Any changes in the PSD can be used as indicator of damage. Also it can be used to reduce the 
effect of noise in the signal and also can be used to trace the damage through the curvature of 
the power spectrum energy. Fig. 6 shows 1st, 2nd and 3rd frequency of the intact pipeline. Table 
1 lists all the values of frequency orders for different damage case (D0 & D1). 

 

 
Figure 1: General View of beam. 

 
Figure 2: Impact Excitation. 

 
Figure 3: Displacement of a beam. 
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Figure 4: The acceleration of impact excitation. 

 
Figure 5: The Power spectral density. 

Table 1: Structural frequency. 

Frequency Order D0 (Hz) D1 (Hz) 
1st order (Lateral Bending) 233.55 232.85 

2nd order (Vertical Bending) 315.62 312.67 
3rd order (shear) 824.38 822.90 
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3 RESULTS AND DISSECTIONS 

3.1 Acceleration Responses Analysis in the Frequency Domain 
Considering the uncertainties of modeling, the typical fitting curves (average values) of ac-

celeration variation response are selected (Equation 2) to describe the output of the structure 
field system excited by impact input, where the Cubic, Quadratic, Linear, and Constant terms 
of the fitting equation are 0.0287, -0.0016, 0.0063, 0.0005, respectively. 

𝑋(𝑡) = 0.0287𝑡3 − 0.0016𝑡2 + 0.0063t + 0.0005                                     (1) 
The differential equation can represent herein: 

𝑎0𝑥𝑜
(𝑛)(𝑡) + 𝑎1𝑥𝑜

(𝑛−1)(𝑡) + ⋯ + 𝑎𝑛−1𝑥𝑜
(1)(𝑡) + 𝑎𝑛𝑥𝑜(𝑡) = 𝑏0𝑥𝑖

(𝑚)(𝑡) + 𝑏1𝑥𝑖
(𝑚−1)(𝑡) + ⋯ +

𝑏𝑚−1𝑥𝑖
(1)(𝑡) + 𝑏𝑚𝑥𝑖(𝑡), 𝑛 ≥ 𝑚                              (2) 

Where 𝑥𝑜 is the system output, 𝑥𝑖 is the system input. 

G(s) =
Xo(s)

Xi(s)
=

b0sm+b1sm−1+⋯+bm−1s+bm

a0sn+a1sn−1+⋯+an−1s+an
                                          (3) 

System input can be expressed as: 

Xi(s) =
2232π

s2+35642π2                                                                      (4) 

System output can be expressed as: 

Xo(s) =
213

854s4 −
1

2232s3                                                              (5) 

System TF can be expressed as follows according to the presented damage case (D1). 

G1(s) =
(s2+35642π2)(854s−11160)

2.5E9πs4                                                          (6) 

3.2 Frequency Domain Analysis Methods 
The beam system subjected to different conditions of damage features when excited by a 

impact signal input. Let us regard it as a "control system" with an input excitation and an output 
measurement sensors. When considering the system as an open loop control system, this means 
that no feedback from output to the system, the main control on the system is from input only. 
The frequency domain analysis methods (Zero-Pole, Nyquist, Bode, Nichols) are applied to 
measure the dynamic response characteristics of the system regarding damage using Simulink 
software. 

The Zero-Pole Point Map analysis for the presented damage case is plotted in Fig. 5(a). For 
the presented damage we can see that the Zero point of system TF (0.4) moves towards zero 
when the damage range increases. The Nyquist map analysis for the presented damage case is 
plotted in Fig. 5(b). As shown in the Figure, for the presented damage we can see the variation 
of the endpoint trajectory of the vector 𝐺(𝑗𝜔) = 𝐴(𝜔)𝑒𝑗𝜑(𝜔) (Where shows 𝐴(𝜔𝑖) appears the 
vector magnitude 𝐺(𝑗𝜔𝑖) when the frequency equals 𝜔𝑖, and The case of polar coordinates is 
𝜑(𝜔)) when frequency 𝜔 changes from 0 → ∞. The Nyquist diagram shows in the non-over-
lapped part the system frequency of 𝐺 is -13.3. The system frequency decreases as the damage 
range increases. The Bode map analysis for the presented damage case is plotted in Fig. 5(c). 
As shown in the Figure, for the presented damage we can see the frequency of the excitation 
signal is 100π. In detail, when damage occurs the absolute value of magnitude increases over 
40dB, and the corresponding phase changes more than 165°. The Nichols map for the presented 
damage case is plotted in Fig. 5(d). As shown in the Figure, for the presented damage phase 
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reaches about 180, accordingly G change at the inflection point with Gain 20 at the frequency 
is 100π. 

    
(a) Pole-Zero Map 

 

 
(b) Nyquist Map 

 
(c) Bode Map 
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(d) Nichols Map 

Figure 6: The frequency domain analysis methods for steel beam. 

4 CONCLUSIONS  
This paper established a FEM of steel beam damage system from the impact load, by ex-

tracting the measurements of sensors and loaded with impact signal. Results show that the sig-
nal magnitude will suddenly and sensitively change when the damage starts. The beam system 
TF and the frequency domain are established and applied to reflect damage evolution through 
plotting the zero-pole points map, Nyquist Map, Bode Map, and Nichols Map. The most moti-
vating conclusion in this work is that, instead of using the vibration signals of the responses of 
the structural system, the variation of the frequency is used to observe the time and displacement 
characteristics variation of the system due to structural damage. 
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