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To monitor the stress state and yield capacity of H-beams across their entire service process, a real-time monitoring method based
on the energy signal response of ceramic piezoelectric sensors is proposed in this paper. The method is applied to conduct loading
experiments on H-beams under different load values and web heights. Then, the amplitude and energy of the piezoelectric signals
under the two working conditions are compared and analyzed, and the finite element analysis results are verified. The
experimental results show that the time-domain waveform energy index increases under an increase in web height or load.
Taking the H-section steel member with a web height of 10 cm as an example, when the load value is less than 500 kN/m, the
energy index increases (on average) by ~10.5% for every 100 kN/m load increase; when the load value exceeds 500 kN/m and is
below 675 kN/m (yield load), the same load increases the energy index by ~13.4%. Meanwhile, a 1 cm average increase in web
height increases the energy index by ~14.6%. The finite element simulation results indicate that the ceramic piezoelectric
sensor load increases under external load increases up to the yielding load. Because the stress state at the sensor location
directly determines the stress wave propagation, the critical buckling loads of H-beams can be predicted using the energy index.

1. Introduction

Steel is one of the most important building materials cur-
rently available, owing to its low weight, high strength, high
energy consumption capacity, and good assembly properties
under earthquake action; thus, it is widely used in the con-
struction of large span, high-rise buildings. At the same time,
the lower weight ratio can reduce the sizes of beams and
columns in the steel frame. In long span and high-rise struc-
tures, welded H-beams are usually used. Numerous scholars
at home and abroad have carried out relevant research work
on H-beams and achieved important research results. Cao
and Feng et al. [1, 2] conducted experimental studies on
H-shaped steel beams welded with corrugated webs and
holes webs, respectively; they mainly analyzed the influence
of the relevant web changes upon the shear capacities and
flexural performances of H-beams. Lee et al. [3, 4] measured
and calculated the shear buckling coefficient of the webs of
I-beams via experiments and finite element simulations, and

they analyzed the shear bearing capacity of such beams. Ello-
body [5] analyzed the I-beams previously tested by Zirakian
and Showkati [6], determined their buckling modes and
moment values through eigenvalue buckling analysis, and
then applied these values to nonlinear displacement analyses
to obtain the beams’ load-displacement curves. The afore-
mentioned research and analysis regarding I- and H-beam
webs have been conducted under specific experimental con-
ditions. However, the field use process of H-beams is more
complex than such specific conditions, and the shear stress
in H-beams is primarily carried by the H-beam web. There-
fore, it is particularly important to monitor the stress of H-
beams, to ensure the safety of the entire structure.

At the same time, structural health monitoring technology
has become an increasingly important research topic in the
economic maintenance of infrastructure [7-10]. Because of
the unique aspects of H-beam working environments, moni-
toring can only be performed via nondestructive testing. The
application of acoustic emission technology [11-13] provides
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a method for the early damage detection and real-time moni-
toring of structures. Most of the current acoustic emission
monitoring research focuses upon structures with simple
geometries or restricted areas; however, the acoustic emission
source positioning strategy for actual engineering structures is
fairly complex. Based on the finite element simulation results
of Lamb waves, Cheng et al. [14] proposed a real structure
source location method based on artificial neural networks
to determine the damage and damage locations of H-shaped
rigid beams. Nick et al. [15] et al. performed continuous intel-
ligent health monitoring of steel girder bridges using a modal
strain energy damage index method and an artificial neural
network. Tohidi and Sharifi [16] used an artificial neural net-
work system to predict the buckling deformation strength of I-
beams in the inelastic range. Zhou, Glisic, and Raeisi et al. used
distributed sensors (smart film, optical fiber sensors, and
binary crack sensors, respectively) to monitor the health status
of the structure [17-19]. Although many of these techniques
are highly accurate and efficient, most are computationally
expensive. The choice of sensor technology depends on the
characteristics of the system under study. Ceramic piezoelec-
tric materials have been widely applied as actuators and sen-
sors for health monitoring, owing to their advantages of low
cost, fast response, and embeddability [20-23].

In this paper, a method based upon a ceramic piezoelec-
tric sensor is proposed to monitor the stress and ultimate
bearing capacity of H-beams. During the experiment, the
signal responses of different components were monitored
using ceramic piezoelectric sensors; then, an energy index
was established to measure the stress state of the H-beams.
By comparing the signal response under different web
heights and load conditions, the signal change rule was ana-
lyzed. In this study, an innovative health monitoring method
is proposed to evaluate the stress state of an H-beam. The
method can monitor this stress state nondestructively. Fur-
thermore, it can nondestructively evaluate whether the H-
beam reaches its ultimate bearing capacity and subsequently
judge its safety.

2. Monitoring Principle and Algorithm

2.1. Principle of H-Beam Web Strain as Studied by Ceramic
Piezoelectric Sensor (PZT). Lead zirconate titanate (PZT) is
a popular piezoelectric material. It generates a charge under
external stress (positive piezoelectric effect) and strain under
an applied electric field (inverse piezoelectric effect). From
previous studies, it is known that the induced voltage is pro-
portional to the stress on the PZT sensor [24, 25]. The PZT-
5H is a ceramic piezoelectric offering a high sensitivity, elec-
tromechanical coupling coeflicient, medium constant, and
flexibility; hence, it is often used to detect signals with
high-frequency components [26, 27], such as ultrasonic
waves [28] and shock or shock-induced stress waves [29].
In this paper, a PZT-5H ceramic piezoelectric plate was used
for stress monitoring of an H-beam; the relevant parameters
are shown in Table 1. The size of the PZT patch was 10
mm x 10 mm x 0.3 mm; its detailed structure and connec-
tions are shown in Figure 1.
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TaBLE 1: Material properties of PZT-5H.

Property Value
Density (kg/m?) 7600
Electromechanical coupling factor (kP) 0.6
Piezoelectric constant d;(CN™") 4x1071°
Poisson ratio 0.35
Mechanical quality factor (Qm) 80
Relative permittivity (e,55/€,) 1600
Dielectric loss (tand) 0.025
Curie temperature (°C) 360
Young’s modulus(10° N/m?) 117

A schematic diagram of the experiment is shown in
Figure 2. The welded H-beam specimens were placed on
the electrohydraulic servo test machine (100 tons) for fixed
loading when required. The PZT piece on the left side of
the H-section web was connected to a signal generator.
The PZT piece on the right of the H-beam web was con-
nected to a signal receiver. In this experiment, the signal
receiver used an INV306U signal acquisition instrument to
record the signal; this signal was collected and analyzed in
a signal analysis software system (Coinv Dasp 2006 Profes-
sional Signal Analysis and Processing Software). The signal
emitter was a DG1022U Signal Generator.

An active-sensing approach with piezoceramic sensor
was utilized to monitor the stress and buckling load of H-
beam. Two PZT patches were used with one as an actuator
and the other as a sensor. The actuator has the capacity to
generate a stress wave that will propagate through the H-
beam, and the sensor will detect the propagated stress wave.
The wave propagation will be influenced by the stress state
of the web between the actuator and the sensor. For exam-
ple, the increase of load will lead to a tighter combination
between the iron atoms of the web, and the signal emitted
by the signal generator attenuates less during propagation.
Because of the different attenuation of the stress wave signal
under different web height and different load conditions, dif-
ferent signal changes are produced. Through the analysis of
the received signal, the stress and buckling load of H-beam
can be judged.

2.2. Basic Principles of Time-Domain Analysis. The test wave
signal is very sensitive when passing through the stressed H-
beam, and it can exhibit marked signal change. In this study,
the signal received by the PZT chip was investigated using
the time-domain analysis method. The stress and critical
load of the H-beam were monitored by calculating the
energy of the signal. The proposed health monitoring algo-
rithm defined the energy index E of the signal, whereX; rep-
resents a set of discrete data for the PZT-sensor-measured
signal in the i -th sampling, and x;; represents the sensor
voltage at the j -th sampling point in the i -th sampling.
The sampling time was fixed at 0.1 s. In each sampling dura-
tion, a total of m sampling points were involved in the
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FIGURE 1: (a) PZT-5H ceramic piezoelectric sheet and (b) a ceramic piezoelectric plate connected to a wire.

calculation. X; denotes the average of these sampling points,

and X; can be expressed by

X = (i1 Xigs o5 X )» (1= 1,2, 22, (1)

To monitor the stress and critical loads of H-beams, the
energy index was defined as

E=§8= U|xij\dtr, (j=1---m). (2)

The value of energy index E; can be used to indicate the
stress of the H-beam. Environmental noise had little effect
on the test; hence, it was neglected. For example, because
PZT performance is considerably influenced by ambient
temperature, the modal frequency of the PZT thickness
direction increases when the temperature increases. There-
fore, the ambient temperature was kept at 20°C, to reduce
the effects of environmental temperature. In this experiment,
ceramic piezoelectric sensors are used to monitor the stress
and yield capacity of H-beams.

3. Experiment

3.1. Experimental Facility. In the position of H-beam stick-
ing point, the surface of H-section steel specimen is polished
by grinding wheel to remove the rust layer on the surface of
steel bar and keep the polished surface smooth. Before past-
ing the piezoelectric ceramic sensor, the position of the mea-
suring point is wiped with cotton ball dipped in alcohol to
remove the dirt on the surface. After the surface is dried,
the piezoelectric ceramic sensor connected to the wire is
pasted onto the surface of the steel bar with epoxy resin
AB glue, and a certain thickness of epoxy resin is applied
to the highly flexible piezoelectric sensor to protect the pie-
zoelectric ceramic sensor. One end of the wire is connected
with a piezoelectric sensor and the other end is connected
with a signal generator or a signal receiver. PZT patches
were pasted on both sides of the web center of the H-
section steel specimen, one for transmitting signals and
another one for receiving signals. The experimental device
system is shown in Figure 3(a). The H-beam specimen was
placed on the electrohydraulic servo test machine. The
PZT piece on the left side of the H-beam web was connected

Signal projector Signal receiver
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FIGURE 2: Schematic diagram of H-beam experimental device (unit:
cm).

to a signal transmitter. The PZT piece on the right of the H-
beam web was connected to the signal receiver. To improve
the critical load of H-section steel specimens, transverse
stiffeners are usually installed in practical engineering appli-
cations. H-shaped steel with transverse stiffeners was used in
this test, as shown in Figure 3(b). The sampling frequency
and sampling time were 7160 Hz and 0.008 s, respectively.

3.2. Experimental Procedure. In this test, we studied H-
shaped steel members in Groups A and B under two differ-
ent working conditions; the variables of Groups A and B
were load and web height, respectively, as shown in
Table 2. The relevant parameters of H-shaped steel are
shown in Table 3. In Group A, the webs of H-beams were
all 10cm in height and 3.5mm thick, and the loads were
200kN/m, 500kN/m, and 675kN/m, respectively. Loads
were added from zero to a predetermined value before being
removed; the process was repeated (similar to pulse loads).
Multiple specimens in each group were loaded and data were
collected.A schematic diagram of the experimental device is
shown in Figure 4 (taking 675kN/m as an example; other
load groups were similar). In Group B, the thickness of the
H-shaped steel member was 3.5mm, and the web heights
were 7 cm, 10cm, and 13 cm, respectively. Group B applied
the same loading steps as Group A, to load H-beam mem-
bers until buckling occurred. A schematic diagram of each
experimental device is shown in Figure 5 (where 13cm is
taken as an example; other web height groups were similar).
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FIGURE 3: (a) H-beam stress monitoring experimental system (b) H-shape steel with transverse stiffening rib.
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TaBLE 2: Test cases for groups A and B.
Working condition 1 2 3
Group A
Load (kN/m) 200 500 675
Working condition 1 2 3
Group B .
Web height (cm) 7 10 13
TaBLE 3: Material properties of H-shaped steel.
Property Value
Density (g/cm”) 7.85
Young’s modulus (Gpa) 200
Yield strength (Mpa) 235
Poisson ratio 0.3
Tensile strength (Mpa) 450
Linear expansion coefficient of material (1/°C) 1.20E%

Before loading each component, a group of signals including
environmental noise and other influences was measured as
the control group. These signals are shown in Figure 6. Dur-
ing each experiment, the transmitter emitted the same sinu-
soidal signal, and the receiver began to receive it. Using the
signal received by the signal receiver, the stress of the H-
beam was represented. The postbuckling picture of the H-
beam is shown in Figure 7 .The PZT response signal was
recorded by the data acquisition system, as shown in
Figure 3(a).

4. Experimental Results and Discussion

To quantitatively evaluate the attenuation of stress wave
energy, the energy exponents of all tested signals in Groups
A and B were calculated according to Equations (1) and (2).

F=675kN/m

—— ————

Signal projector Signal receiver

PZT PZT

= \/

T

Lead wire Lead wire

F=675kN/m

4.825 4.825
035

FIGURE 4: Schematic diagram of experimental device for group A
(unit: cm).

F =736 kN/m
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FIGURE 5: Schematic diagram of experimental device for group B
(unit: cm).

Figure 8 shows the time-domain waveform received by
the ceramic piezoelectric sensor under different load condi-
tions (Group A). The sampling time of the signal receiver
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FIGURE 6: Signal response under the influence of environmental noise.

was 0.008s. As shown in Figure 8, under Group A working
conditions, the signal amplitude received by the signal
receiver increased with the load. When the load was
200kN/m, the time-domain waveform signal amplitude
was 225mv, and the time-domain waveform energy index
was 21.3733v>. When the load was 500kN/m, the time-
domain waveform amplitude was 328 mV, and the time-
domain waveform energy index was 28.1223v>. When the
load was 675kN/m, the time-domain waveform signal
amplitude was 364mv, and the time-domain waveform
energy index was 34.7189 v2. From these data, it can be seen
that when the load value was below 500kN/m, the time
domain waveform amplitude is increased by ~34.3% and
the time domain waveform energy index is increased by
~10.5% when the load value increased by 100 kN/m. When
the load value was greater than 500kN/m and less than
675kN/m (yield load), the average increase of 100kN/m
increased the amplitude of the time domain waveform
energy by ~20.6% and the time domain waveform energy
index by ~13.4%. This is because when the H-beam web
was subjected to a large load, its internal atomic gap was
reduced, and the signal transmitted by the signal transmitter
underwent slight attenuation during propagation.

Figure 9 shows the time domain waveform received by
the ceramic piezoelectric sensor under different web height
conditions (Group B). The sampling time of the signal
receiver was 0.008s. As can be seen from Figure 9, when
loads were added to the buckling load, the signal amplitude
received by the signal receiver increased under the increase
of the H-shaped web height. When the height of the web
was 7 cm, the amplitude of the time domain waveform was
264 mv, and the time domain waveform energy index was
27.3267v’. When the web height was 10cm, the time
domain waveform amplitude was 364mv, and the time
domain waveform energy index was 34.7189v>. When the
web height was 13 cm, the time domain waveform amplitude
was 447 mv, and the time domain waveform energy index
was 51.2002v*. From these data, it can be seen that when
the ratio between the web height and width was between
0.5 and 1.5, the amplitude of time domain waveform signal

FIGURE 7: H-shaped steel after buckling.

increased by ~30.5% and the time domain waveform energy
index increased by ~14.6% when the web height was
increased by 1cm (on average). This is because when the
height of the H-section web increases, the strain at the posi-
tion of the PZT piece increases after bearing the load; that is,
the stress at this position increases. The stress increase
causes the iron atoms at that position to bind more tightly;
thus, the signal emitted by the signal transmitter decays less
during propagation.

5. Numerical Verification

To study the strain of H-section steel beams under different
load conditions (Group A) and different web height condi-
tions (Group B), this study used ANSYS to establish a finite
element model. The web of H-shaped steel (with transverse
stiffening ribs) was constrained by flanges on the upper
and lower sides and transverse stiffening ribs on the left
and right sides; hence, the web could be regarded as a
four-sided simply supported plate. These plates were used
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FIGURE 9: Signal response of each working condition in Group B.

in ANSYS to simulate the web of the H-section steel with  elastic modulus of E = 200 GPa, a yield strength of o, =235
transverse stiffening ribs. The force N, per unit length acted Mpa, and a Poisson’s ratio of v=0.3. Three different web
in the y direction, as shown in Figure 10. The material was height models were established for the same material coeffi-
ideal elastic-plastic, homogeneous, and isotropic, with an  cient. To observe the postbuckling behavior, the applied load
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FIGURE 10: Plan view of a square flat plate (width a = height b =0.1 m) under in-plane axial compression Ny.

FiGure 11: Boundary conditions and loads and meshes.

of each model was set to 1000 kN/m. To constrain the four
simply supported plates, a Z-direction constraint was applied
thereto. Meanwhile, to eliminate the rigid-body displacement
in the X and Y directions, X-direction constraints were
imposed on the points x =0, y =b/2 and x =0, y =-b/2 and
Y-direction constraints were imposed on the point x =0,
y=0. Finally, a load was applied to the two edges contacting

the flange. Load and constraint settings are implemented in
ANSYS via SFL, NSEL, and DL command streams. In the
finite element simulation, the load is loaded from zero to a
predetermined value (monotonically increasing) and the
loading step is 1 kN, so the web height of 10 cm model results
can reflect the entire A group. Figure 11 presents a schematic
of the computational model. The plate adopts a Shell181 unit,
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and we selected an appropriate size for grid division. First,
the elastic—plastic stiffness matrix and stress—stiffness matrix
of the plate were obtained by a static solution; then, the first
four orders of buckling modes were obtained via buckling
analysis. The first-order buckling modes at three different
web heights are shown in Figure 12. When the web thickness
was 7 cm, 10 cm, and 13 cm and the external load reached its
buckling load, the displacement of the PZT piece was
22.30mm, 31.69 mm, and 31.80 mm, respectively.

In this study, the displacement dz of the maximum
displacement point for the first buckling mode was
extracted, and the initial defect was set as a/50; then, the
defect amplitude ratio D, = a/50/dz was applied as the ini-
tial defect. The coordinates of each node were updated to
alter the geometry of the structure and thereby impose ini-
tial defects. The z-coordinate value of the center point was
a/50. Finally, the critical buckling capacity of the plate was
solved, and the data for the plate load and its z-direction dis-
placement were extracted when the structure was nonlinearly
unstable. Figure 13 shows the load displacement curves for
the data extracted at three different web heights. The above
models indicate that the displacement of the specimen will
increase with the increase of the load or the height of the
web before it reaches the yield load. As shown in Figure 14,
it can be obtained from the experiment that the time domain
waveform energy index increases with the increase of the
load value. This explains why the signal amplitude received
by the ceramic piezoelectric sensor increases with the exter-
nal load increase.

6. Conclusions

To monitor the stress and yield capacity of H-beams, a real-
time monitoring method based on the energy signal
responses of ceramic piezoelectric sensors was proposed. In
this study, different load conditions (Group A) and web
height conditions (Group B) were studied. For Group A,
when the load value was less than 500kN/m, the time
domain waveform amplitude increased by ~34.3% and the
time domain waveform energy index increased by ~10.5%
when the load value was increased by 100 kN/m (on aver-
age). When the load value exceeded 500 kN/m but was less

than 675kN/m (yield load), the time domain waveform
amplitude is increased by ~20.7% and the time domain
waveform energy index is increased by ~13.4% for each load
value increase of 100 kN/m (on average). For Group B, when
the ratio of web height to width was between 0.5 and 1.5, the
amplitude of the time domain waveform signal received by
the signal receiver increased under the increase in the H-
shaped web height. When the web height increased by
lcm (on average), the time domain waveform amplitude
increased by 30.5% and the time domain waveform energy
index increased by 14.6%. And by the finite element numer-
ical simulation shows: each group of model before reaching
their yield bearing capacity, the load is gradually increasing.
To summarize, the energy index value can be used to predict
the buckling load value and stress condition when the buck-
ling load value has yet not been reached. Therefore, this
study provides a method to detect H-beam stress and evalu-
ate whether H-beams have reached their yield capacity.
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