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Driven by the aesthetic pursuit of the urban landscape, pedestrian bridges become longer, lighter, and slender, which may be
susceptible to unacceptable vibrations induced by human activities. This paper presented on-site vibration tests of a pedestrian
bridge with a very low height-to-span ratio (1/60). The vibration characteristics and dynamic responses were analyzed using
environmental, heel-drop, and walking tests. Then, a verified finite model was established to investigate the effect of the height-
to-span ratio and the concrete filling ranges of tree-like steel piers on the vibration characteristics and acceleration responses of
this kind of pedestrian bridges. Moreover, the relationship between different peak accelerations under heel-drop and walking at
various frequencies by the same person was detailed and studied experimentally and by computer simulation, after which the
ratios of the peak acceleration during walking and the one under heel-drop were recommended. Finally, a method that
demonstrates the feasibility of predicting the peak acceleration of pedestrian bridges of a small height-to-span ratio across a range
of walking frequencies was proposed based on a simplified heel-drop load model developed according to 60 time-history records.

1. Introduction

Pedestrian bridges serve as vital elements of urban trans-
portation infrastructure, enabling the safe and efficient
movement of individuals across various urban landscapes
[1]. In recent years, incidents of human-induced vibrations
on pedestrian bridges have been reported globally [2, 3]. For
instance, the Millennium Bridge in London [4], the Kurilpa
Bridge in Brisbane [5], and the Bob Kerrey Pedestrian Bridge
in Omaha [3] have all experienced significant vibrations due
to their small height-to-span ratios and exposure to human-
induced loads [6, 7]. As the design methods of pedestrian
bridges continue to evolve, with increasing emphasis on
lightweight and large-span structures, understanding the
influence of human-induced loads is of paramount im-
portance for ensuring the safety and comfort of
pedestrians [8].

Various excitation techniques exist for evaluating the
dynamic properties of pedestrian bridges, with heel-drop
tests being a widely used method over the years [9]. Heel-
drop loads are impact loads generated when a pedestrian’s
feet strike the ground [10]. The AISC Design Guide 11 [11]
outlined a typical heel-drop test, which involved an indi-
vidual lifting their heels approximately 80 mm from the
ground and striking the ground with both heels while
avoiding multiple impacts and preventing forward rocking
or bouncing on the balls of their feet. Ohmart [12] docu-
mented heel-drop impact loading from individuals with an
average weight of 85 kg, with a loading duration of 0.05s. To
simplify the load from a heel-drop impact test, Murray [13]
proposed a triangular load function. The ratio of peak load
Fyeak to static load Gave is approximately 3.14, with Fpeax
equal to 2670 N and Gave equal to 850 N. These loads could
generate substantially greater force peaks and accelerations,
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potentially causing excessive vibrations and structural safety
concerns [14]. However, since Murray’s triangular load
function was primarily derived from a specific set of test
data, this model tends to overestimate the peak acceleration
response of pedestrian bridges. Therefore, it is essential to
accurately study the effect of heel-drop loads on the vi-
bration acceleration response of pedestrian bridges.

Structural engineers and biomechanics use direct or
indirect measurement data to develop accurate force models
to evaluate the vibration serviceability of structures such as
footbridges and long-span floors. Bedon [15] conducted on-
site vibration experiments and a finite element (FE) nu-
merical study to investigate the footbridge sensitivity. Venuti
et al. [16] proposed a vertically oriented modeling frame-
work to simulate the time-varying position and velocity of
each pedestrian on a footbridge by measuring the footfall
forces. Muhammad and Reynolds [17] presented a proba-
bilistic walking load model that generates synthetic vertical
load waveforms induced by pedestrians. Mohammed et al.
[18] used a comprehensive database of walking force-time
histories to develop an improved version of this force model.
Van Nimmen et al. [19] and Caprani et al. [20] applied
a detailed model to investigate the dynamic response of
footbridges to pedestrian excitation. Shahabpoor et al. [21]
proposed a new method based on the actual level of vibration
experienced by each pedestrian for serviceability assessment
of the vertical vibrations induced by pedestrian walking
traffic. Middleton et al. [22] reviewed the process of esti-
mating the response to footfalls and proposed simplifying
a footfall force-time history for use in design, which has been
the subject of research for many years. Santos et al. [23]
presented a simplified expression based on the results of an
experimental campaign, several numerical analyses, and
a theoretical analysis to guarantee that excessive vibrations
will not occur, without the need to perform a dynamic
analysis.

The pedestrian bridge, with a small height-to-span ratio
(1/60) and tree-like steel tube concrete columns, was selected
for the investigation. In this study, the experimental and
numerical work includes the following:

(1) The acceleration time-history responses and vibra-
tion characteristics of a pedestrian bridge under
environment, heel-drop, and walking excitations
were obtained.

(2) A refined finite element model was established and
validated compared to the measured data. Based on
the model, parametric analysis was conducted with
different height-to-span ratios (1/20-1/80) and
concrete filling ranges of tree-like columns (5 filling
ranges), investigating the vibration characteristics
and peak accelerations under heel-drop excitations.

(3) A simplified heel-drop load model was proposed
based on the relationship between a human-body
weight and the load peak.

(4) Coeflicients, correlating the peak acceleration under
the heel-drop excitations with that under the walking
excitations of different frequencies (1.7Hz, 2.0 Hz,
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2.3Hz), were proposed to predict peak structural
responses at different walking frequencies.

2. Vibration Experiments

2.1. Project Overview. The pedestrian bridge of this study
has a unique design that consisted of tree-like steel
tube concrete columns and steel box beam with a span of
30 m. The steel bridge of the bridge span was meticulously
crafted a single-box beam with multichamber section
boxes made of Q345E steel, which measured
3850 mm X 500 mm x 20 mm x 30 mm in terms of depth,
width, web thickness, and flange thickness, respectively. The
bridge was equipped with three internal longitudinal stiff-
eners and internal transverse stiffeners that were spaced at 4-
meter intervals, as depicted in Figure 1(a).

The deck of the bridge was constructed using 80 mm-
thick concrete with a strength grade of C20, which was
reinforced by a wire mesh comprised of 4 reinforcing bars
that were bi-directionally spaced at 150 mm intervals. The
main transverse keel was created using an H-section mea-
suring 150 mm x 100 mm x 6 mm x 9 mm in terms of depth,
flange width, web thickness, and flange thickness, re-
spectively. This section was welded to the main steel box
beam. Its lower part was embedded in concrete while the
upper part was exposed with an interval of 80mm
(Figures 1(a) and 1(b)). The bridge deck was paved with
140 mm wide and 40 mm thick carbonized anticorrosion
wood panels, which were fixed using countersunk head
screws. The bridge was supported by tree-like concrete-filled
steel tubular columns (Figure 1(c)) on both sides. Figure 1(d)
shows the depiction of the test pedestrian bridge and its
related bridge elements.

2.2. Measurement and Excitations. The placement of vertical
accelerometers and the walking path during testing were
described in Figure 2(a). The test apparatus consisted of two
integral components: the measurement system and the data
acquisition system. The measurement system consisted of 14
vertical accelerometers (DH610V) and a force plate. These
accelerometers had a measurement range of +5g and
minimum sensitivity of 0.01 V/g, where “g” represents the
acceleration due to gravity. The sensor was placed on the test
rig to collect only vertical acceleration, and the acceler-
ometer was chosen based on the most convenient trade-off
between price and self-noise level [24, 25]. The force plate
was made up of a high-precision load sensor (type ME-
K3D160 with dimensions of 160 mm X 160 mm X 66 mm)
and two Q345 steel plates (500 mm x 400 mm x 25 mm). The
load sensor, which had a measuring range of +5kN in the
vertical direction, was installed between the two steel plates
using 8 bolts.

A data acquisition system, DH5922N, was used to gather
all data from the accelerometers and the force plate. This
system was capable of acquiring data at a frequency of
1000 Hz, and the systematic resolution of vibration accel-
eration is 1x 10 °m/s’. Five participants, including four
males and one female, took part in the test. The weight and
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FiGure 1: (a) Bridge superstructure details, (b) bridge span structure,

height of each tester were presented in Table 1. The average
weight recorded was 70.2kg and the average height was
169 cm. The age of the volunteers participating in this test
ranged from 38 to 45 years. These values are significantly
lower than the average weight and height of American in-
dividuals, making it a noteworthy study to investigate the
accelerated response that is induced by human loading at
these lighter weights.

The testers underwent a series of heel-drop exercises to
ensure uniformity in their heel-drop loads and enhance the
accuracy of the test results (Figure 2(b)). They stood on the
force plate and performed three consecutive heel-drop at the
mid-span (near Ag) and 1/4-span (near A;) positions with
a 15-second interval between each excitation. As a result,
thirty sets of heel-drop data were collected to establish the
relationship between the peak acceleration response of the
bridge under heel-drop excitations and walking excitations.
Additionally, sixty sets of heel-drop load data were collected
on a rigid ground to provide typical force-time responses for
a simplified heel-drop load model, as shown in Figures 3(a)
and 3(b).

Walking excitations, the most prevalent load on pe-
destrian bridges [26], were recorded through tests involving
5 testers who walked for 5minutes each at common fre-
quencies at frequency of 1.7 Hz, 2.0 Hz, 2.3 Hz, or random
step frequency (Figure 2(c)). This resulted in 20 sets of
walking excitations tests (4 tests with different step fre-
quencies/person x5 persons). Figure 3(c) displays the
standard acceleration time history responses during
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(d)

(c) tree pier and column structure, and (d) test pedestrian bridge.

a walking excitation. To further understand the impact of
walking on pedestrian bridges, an accelerometer was used to
collect a total of 350 minutes of acceleration data during
a tester walk, as shown in Figure 3(c).

Environmental excitations affecting the pedestrian
bridge were primarily caused by airflow (such as wind)
and external vibrations (such as the rumbling of vehicles
traveling beneath the bridge or ongoing construction
work) [27]. No deliberate excitations were necessary to
produce these effects. During the 50-minute experiment,
the bridge’s acceleration responses at different locations
were recorded. The typical acceleration time history re-
sponses of the collected data are shown in Figures 3(a)
to 3(d).

3. Experimental Results

3.1. Frequency. The fast Fourier transform (FFT) technique
[28] was used to convert the acceleration response signal of
the pedestrian bridge under the heel-drop and walking loads
to the frequency domain signal. The fundamental frequency
of the pedestrian bridge was identified as 3.35 Hz from the
typical spectrum, as shown in Figure 4(a). The results of the
tests indicated that the fundamental frequency of the pe-
destrian bridge could be accurately reflected by both the
heel-drop and walking loads. However, the long duration
and narrow bandwidth of the walking load generated
multiple-order harmonics and high-frequency components
in the frequency domain, making it challenging to
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FIGURE 2: (a) Accelerometer arrangement and walking path, (b) heel-drop, and (c) walking.

TaBLE 1: Tester information.

Tester number V1 V2 V3 V4 V5
Gender Female Male Male Male Male
Weight (kg) 59 65 82 85 60
Height (cm) 158 170 171 176 169

distinguish the fundamental frequency of the bridge [29].
On the other hand, the heel-drop load, which is equivalent to
an impact force with a shorter duration and wider band-
width in the time domain, clearly revealed the bridge’s
fundamental frequency in the frequency domain.

To further validate the accuracy of the fundamental
frequency obtained from heel-drop and walking tests, the
environmental excitations of the pedestrian bridge were
meticulously analyzed for a continuous 30-minute span
using the random subspace identification method [30].
Preset tolerance: characteristic frequency less than 1%,
damping ratio less than 5%, and vibration type MAC more
than 95%. The results revealed that the fundamental fre-
quency of the pedestrian bridge was 3.35Hz, and
the damping ratio was 0.018, as shown in Figure 4(b).

Considering that the vertical fundamental frequencies of
large-span pedestrian bridges typically fall within the range
of 2-8 Hz [31], it was determined that the heel-drop load was
a more suitable method for identifying the vertical funda-
mental frequency.

3.2. Damping Ratio. Damping is another important pa-
rameter in evaluating vibrations, which is related to the
energy dissipation of a bridge [32]. The half-power band-
width method [33] was used to estimate the damping ratio
by finding the bandwidth for each mode. This methodology
was based on normalizing Aw the bandwidth across the
resonant response, where the amplitude was 0.707R,.«
(Figure 5(a)). The damping ratio could be obtained by the
following equation:

fZ_fl

2fo

In Figures 5(b) and 5(c), the mean value, the standard
deviation, and the coefficient of variation are abbreviated as
MEAN, STD, and CV. The average damping ratio under the
walking load was 0.022, with a standard deviation of 0.0077,

§ : 1)
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random subspace identification under environmental excitations.
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as shown in Figure 5(a). Meanwhile, the average damping
ratio measured under the heel-drop load was 0.018 with
a standard deviation of 0.0037, as shown in Figure 5(b). It
was observed that the average damping of the heel-drop test
was 18% lower than that of the walking test. This is because
the temporal dynamics of the walking load affected the
damping of the pedestrian bridge. The coupling effects of
stride and gait among different pedestrians, as well as be-
tween the pedestrians and the bridge, result in fluctuations
and variations in the damping ratios that are measured
under walking loads. In comparison to the walking exci-
tations, the damping obtained from the heel-drop excita-
tions was more stable. The use of heel-drop loads in the tests
was found to be a more accurate reflection of the bridge’s
damping characteristics than the use of walking loads. This
was primarily due to the fact that heel-drop loads induced
a greater impact, providing a more comprehensive assess-
ment of the bridge’s ability to absorb and dissipate
energy [34].

3.3. Vibration Response. The pedestrian bridge has a range of
fundamental frequencies that are generally required to be
greater than 5Hz or to avoid sensitive frequency intervals
such as 1.6 to 2.4Hz and 3.5 to 4.5Hz [35]. The vertical
fundamental frequency of this footbridge is close to the 3 Hz
frequency limit specified in the CJJ-69 code [36], and it is
necessary to consider its dynamic response under human-
induced load excitations. The result of cloud plotting the
peak accelerations recorded by the full-span accelerometer
showed that the values of adjacent measurement points in
the span direction of the pedestrian bridge decreased by
94.58% and 94.16%, respectively, compared to the mid-span
point. Similarly, the values of adjacent measurement points
in the width direction of the pedestrian bridge decreased by
89.91% and 87.32%, respectively, compared to the mid-span
point, as shown in Figure 6(a).

When the heel-drop load was applied at the 1/4-span
position, a similar attenuation trend was observed. The
values of the adjacent measurement points in the span
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FIGURE 6: (a) Cloud of peak response distribution of heel-drop excitations of the pedestrian bridge at mid-span position (unit in m) and (b)
cloud of peak response distribution of heel-drop excitations of the pedestrian bridge at 1/4 span position (unit in m).

direction of the pedestrian bridge were reduced by 95.47%
and 97.86%, respectively, compared to the 1/4-span point,
and by 19.74% and 65.11%, respectively, in the width di-
rection, as shown in Figure 6(b).

The results indicated that when the pedestrian bridge is
subjected to human-induced loads at different locations, the
acceleration attenuate rate at the mid-point of the pedestrian
bridge span is slower than that at the 1/4 span, and the
acceleration attenuate rate in the pedestrian bridge width
direction is also slower.

3.4. Comparison of the Results with the Vibration Acceptability
Criteria. Different countries have their own standards for
vibration serviceability of footbridges. According to ISO
10137, the vertical vibration (Z-axis) of a footbridge should
not exceed a reference curve multiplied by a factor of 60 for
the design working life under pedestrian traffic conditions.
The Swedish standard BRO20042 specifies that the vertical
fundamental frequency of a pedestrian bridge should be
greater than 3.5Hz to ensure vibration comfort for normal
use; otherwise, the bridge span should be checked to verify
that the vertical root mean square velocity caused by the
pedestrian load is less than 0.5m/s>.

The average MTVV (mean time-varying velocity) of the
bridge structure under heel-drop excitation was 0.082 m/s>.
Figure 7 compares the average MTVV of the heel-drop test
with the ISO and BRO limits. The black curve in the figure is
the ISO limit range, and the red dashed line is the Bro limit.
The peak MTVV of the structure is 0.122 m/s* which is
much lower than the standard limit.

4. Finite Element Analysis

4.1. Model Establishing. The pedestrian bridge with tree-like
columns was modeled using the ABAQUS finite element
software. Steel box beams and tree-like columns were
modeled with shell element S4R and concrete with solid
element C3D8R. The interaction between the steel tube and
concrete was simulated through face-to-face contact.

1.5
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FIGURE 7: Evaluation of pedestrian-induced dynamic responses.

Normal and tangential directions were simulated using hard
contact and penalty function, respectively, and the friction
coeflicient between steel and concrete was set as 0.6 [37]. The
grid size of the steel box beam was 1/18 of the side length of
the section width, while the grid size for the concrete inside
the tube was approximately 1/12 of the trunk width of the
tree-like columns [38], as depicted in Figure 8(a). The
bottom end of the tree-like column was fixed, with
Ul=U2=U3=UR1=UR2=UR3=0 [39]. The material
properties of the pedestrian bridge, such as density, modulus
of elasticity, and Poisson’s ratio, are listed in Table 2.

4.2. Model Validation. The initial analysis step is used to
define the boundary conditions, and the default parameters
are used. The “linear regression-frequency” analysis step is
used to calculate the self-oscillation frequency and the
corresponding vibration pattern of the model. Note that the
Lanczos algorithm is used in the eigenvalue solver to cal-
culate the frequencies, and the state of geometric non-
linearity is set to “off”. The “dynamic, implicit” analysis step
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TaBLE 2: Material properties of pedestrian bridges.
Element P (kg/m3) E (GPa) v
Concrete 2450 30.5 0.2
Reinforcement 7850 200 0.3

is used to define the load. For the so-described FE com-
ponents, a key role was assigned to boundaries, constraints,
and material mechanical properties, so as to reproduce the
real structural system [40]. Through actual measurement
results, it was found that the fundamental frequency of the
pedestrian bridge obtained from the finite element model
had an error of less than 3% when compared with the test
result, as shown in Table 3. Figure 8(b) presents the com-
parison between the test and simulation of the acceleration
response under heel-drop excitations, with an error of less
than 10% for the peak acceleration. This demonstrated that
the model accurately simulated the peak acceleration re-
sponse and attenuated trend.

4.3. Parameter Analysis. The parameters of the concrete
filling range of the tree-like columns and the height-to-span
ratio were critical factors that impacted the natural fre-
quency and vibration response of pedestrian bridge bridges.
The evaluation of the impact of these two parameters on the
dynamic characteristics and vertical response of pedestrian
bridges assessed the comfort and durability of the bridges
under various structural schemes, providing reference and
recommendations for practical design.

4.3.1. Effect of Depth-to-Span Ratio. Parametric analysis was
conducted on pedestrian bridges with height-to-span ratios
ranging from 1/20 to 1/80. The effect of the height-to-span
ratio on the vertical fundamental frequency and peak ac-
celeration of the bridges was investigated.

TaBLE 3: Comparison of finite element simulation and experi-
mental values.

Frequency Peak acceleration
Experiment 335Hz 7.64Hz 0.38 m/s’
Finite element 3.38Hz 7.34Hz 0.44 m/s’
Experiment/finite element  0.99 1.04 0.86

As depicted in Figure 9(a), the relationship between the
height-to-span ratio and fundamental frequency was estab-
lished. The results indicated that an increase in the height-
to-span ratio leads to an increase in the fundamental frequency
of the bridge. A 66.33% increase in the fundamental frequency
was observed when the height-to-span ratio increased from 1/
80 to 1/40. Furthermore, a significant rise in the fundamental
frequency was observed when the height-to-span ratio in-
creased from 1/40 to 1/20, with a value of 5.94 Hz rising to
21.49 Hz. It is worth noting that when the height-to-span ratio
was 1/80, the fundamental frequency of the pedestrian bridge
was only 2.01 Hz, which falls below the 3 Hz requirement
specified in the CJJ-69 code, necessitating measures to improve
the stiffness and damping of the pedestrian bridge.

Figure 9(b) presents the results of the peak vertical
acceleration at various locations under heel-drop excita-
tions. The results showed that an increase in the height-
to-span ratio from 1/80 to 1/20 led to a 37.52% decrease in
the peak acceleration in the mid-span of the bridge under
single-person excitations. This highlights the significant
impact of the height-to-span ratio on both the vertical
fundamental frequency and peak acceleration of pedestrian
bridges. Larger height-to-span ratios result in higher fun-
damental frequencies and lower acceleration responses.

4.3.2. Effect of Concrete-Filling Range of Tree-like Columns.
Figure 10 shows five different concrete filling ranges I to
V. Figure 11(a) provides the variation curve of the pedestrian
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FIGURE 9: Analysis of pedestrian bridge height-to-span ratio parameters: (a) fundamental frequency and (b) peak acceleration.

FiGure 10: Five filling ranges of concrete.

bridge’s natural frequency with the change in concrete filling
range. As seen in the figure, the natural frequency of the
pedestrian bridge gradually increased as the concrete filling
range increased. Compared to the case without concrete
filling, the natural frequency of the pedestrian bridge in-
creased by 2.53%, 6.96%, 8.86%, and 9.73% for four different
concrete filling ranges, respectively. However, this increase
was not significant, primarily due to the large span of the
pedestrian bridge, which is mainly controlled by the steel
box beam above. Under all concrete filling ranges, the

natural frequency of the pedestrian bridge met the re-
quirement specified in the CJJ-69 code, which states that it
should be above 3 Hz.

Figure 11(b) illustrates the relationship between the
vertical peak acceleration at various locations on the bridge
and the concrete filling range under mid-span heel-drop
excitations. As the concrete filling range increased from I to
III, the peak acceleration in the mid-span of the bridge is
decreased by 27.08%. However, when it further increased to
IV, the decrease was only 9.67%. This indicates that to
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FIGURE 11: Analysis of concrete filling height parameters in pier column: (a) fundamental frequency and (b) peak acceleration.

a certain extent, increasing the concrete filling range of the
tree-like columns could effectively reduce the vertical re-
sponse of the pedestrian bridge and improved the structural
comfort.

5. Simplify Heel-Drop Loading

To predict the vibration response of a pedestrian bridge
under heel-drop excitations, two different heel-drop load
models were employed in finite element analysis. The first
was the idealized triangular load model proposed by
Murray [14], as illustrated in Figure 12(a). This model
assumed that only the heel strike moment generated an
impact force during the heel-drop process, with a peak load
of 3.14 times the body weight and a duration of
0.05 seconds. The second was the simplified heel-drop load
model obtained from statistical analysis of measured data
in this study, as shown in Figure 12(b). This model sim-
plified the heel-drop load curve into two stages: from the
body’s zero position, when it maintained balance, to the
peak point when the heel struck (#;), and from the peak
point to the load zero position, when the body vibrated (t,).
The model normalized the weight of the test subject and
considered the correlation between the load peak and body
weight, with a peak load of 2.59 times the body weight. The
average duration of the rising and falling segments was
0.025 seconds and 0.071 seconds, respectively.

In this paper, the heel-drop load was simplified to the
following equation:

105.1Gt — 102.5G (0 <t <0.025)
—-36.9Gt + 39.5G (0.025<t<0.735) (2)
0 (t<0ort>0.735),

F(t) =

where G =the body weight, and t=the time.

The two models of heel-drop loads were input into the
finite element model and compared to the recorded accel-
eration time histories. Figures 13(a) and 13(b) show the
comparison between the vertical acceleration time histories
obtained from the use of the two heel-drop load models and
the recorded data. The red and black curves indicated the
acceleration time histories obtained from simulation and
measurement, respectively. It was evident that when the
triangular load model proposed by Murray was used, the
simulated peak acceleration was significantly higher than the
recorded result, with a relative error of 24.6%. This was
because the Murray model only considered the impact of the
human heel-drop and overlooked the changes in load during
the human balancing and vibration process. However, when
the simplified heel-drop load model based on statistical data
from recorded data was used, the simulated result was in
close agreement with the recorded result, with a relative
error of 9%. It could be concluded that the simplified heel-
drop load model proposed in the study better reflected the
load characteristics of the human heel-drop process.

5.1. Peak Coefficient between Accelerated Response Heel-Drop
Walking. The vibrations of a pedestrian bridge were ob-
tained through heel-drop excitations tests. However, in
practical engineering, pedestrian bridges are more com-
monly subjected to walking excitations. To establish the
relationship between the structural peak acceleration re-
sponse under heel-drop excitations and walking excitations,
a peak acceleration coeflicient 8 was proposed based on the
peak acceleration at the mid-span position of the bridge for
both excitation types and different step frequencies.

Table 4 presents the average peak acceleration at the mid-
span of the pedestrian bridge for five testers under three
heel-drop excitations. This served as a reference for com-
parison with the structural peak acceleration differences
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FIGURE 13: (a) Simulated acceleration under Murray heel-drop load and (b) simulated acceleration under simplified heel-drop load in

this paper.

TABLE 4: Peak acceleration in the span of heel-drop with different
weights.

Tester no. Vi \'%) V3 V4 V5
Body weight (kg) 59 65 82 85 60
Peak acceleration (m/s?) 0187 0.193 0236 0.293 0.316

under walking excitations with various step frequencies for
the same individuals. The corresponding peak coefficients f3
were then calculated. 3 was defined as the ratio of the peak
acceleration due to the heel-drop load to the peak accel-
eration caused by the walking load.
p="1,

Ay

(3)

where ay; = the peak acceleration (m/s®) caused by the heel-
drop, and ay, =the peak acceleration (m/s>) caused by the
walking load.

Figure 14(a) illustrated the distribution of the peak
coefficient f3, which was derived by normalizing the test
subject’s weight for various step frequencies. The peak co-
efficient 8 was found to lie within the range of 1.5 to 2.5, and
the results demonstrated a linear decline in the peak co-
efficient 8 as the step frequency increased. Employing
Grubbs’ principle [41], the distribution of the peak co-
efficient was determined under the detection level condition
& 1ey=0.05. When the step frequency equaled 1.7 Hz, the
mean peak acceleration coefficient 3, under heel-drop ex-
citations, registered at 1.95, accompanied by a standard
deviation of 0.192. At a step frequency of 2.0 Hz, the mean
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B for walk 2.3 Hz.

coefficient $ was measured at 1.78, with a standard deviation
of 0.153. Finally, when the step frequency reached 2.3 Hz, the
mean coeflicient 8 stood at 1.56, accompanied by a standard
deviation of 0.131, as depicted in Figures 14(b)-14(d).

5.2. Discussion of Peak Coefficient. To verify the accuracy of
the peak acceleration coefficients, the coeflicients at different
step frequencies were analyzed in this study based on finite
element and experimental results. In performing the theo-
retical analysis on the dynamic response due to walking
excitations, the factors of human weight and the duration of
single-step excitation were considered, which were also
considered to develop the walk forcing function. As a result,
the following Fourier series [42] defining the single-step
walk forcing function F(f) was derived, as shown in
Figure 15(a). For the single-step walking considered in the

previous study, the first six terms (n = 1-6) of the series were
developed based on the experimental observations. With the
increase of n, the simulation accuracy of the formulation is
enhanced. Higher orders of harmonics (n=3-6) were
considered in the derivation, and typical measured and
predicted force-time histories from Participant 1 are shown
in Figure 14(a). Compared with the test results, Figure (4)
shows a better accuracy with n =6 for directions z (vertical
directions) [43]. Therefore, the single-step walk forcing
functions F(t) can be modified as follows:

6 .
2
F(t) =G [“o + Z a; sin(%t + (p,-):|for directionz. (4)
i=1 P

In this study, the peak response of the pedestrian bridge
under single-step walking excitation was well-fitted by the
finite element model using the input from (4), as shown in
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Figure 15(b). The trend of the coefficients of low height-
to-span ratio pedestrian bridges at different step frequencies
was analyzed. At a frequency of 1.7 Hz, heel-drop loading
produced peak acceleration that was approximately
1.95 times greater than that caused by walking load. As the
frequency increased to 2.3Hz, the peak acceleration
resulting from the heel-drop load was observed to be ap-
proximately 1.56 times higher than that induced by the
walking load. In addition, the finite element model analysis
was conducted to determine the peak acceleration for var-
ious step frequencies of footfall and walking loads on the
pedestrian bridge at 1/20 and 1/80 high span ratios. The
analyses revealed a similar coefficient relationship between

these variables, as shown in Figure 16(a). The peak co-
efficients of the acceleration responses for both heel-drop
and walking loads exhibited a linear decrease with increasing
walking frequency, as shown in the following equation:

B=-0.7f+3.14 (1.7< f<2.3), (5)

where f3 = the Peak coefficient, and f=step frequencies (Hz).

The 2nd tester, weighing 65kg, was selected for the
analysis. The tester’s heel-drop load time history was ob-
tained by incorporating it into the simplified heel-drop load
model, which yielded a peak acceleration of 0.24 m/s> for the
bridge under heel-drop excitations. The peak acceleration of
the bridge under walking excitations with step frequencies of
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1.7Hz and 2.3 Hz was then calculated using the peak ac-
celeration coefficients f3;, and f3,3, resulting in values of
0.12m/s” and 0.15m/s’, respectively. Figure 16(b) presents
the relationship between the peak acceleration of the bridge
obtained from the measured walking (random step fre-
quency) and the equivalent peak acceleration of 1.7 Hz and
2.3 Hz step frequency calculated. It was observed that 89% of
the measured peak acceleration data during actual walking
tell within the calculated limit value, indicating a high degree
of reliability for the peak coefficient. Moreover, 11% of the
measured peak acceleration data under actual walking was
lower than the peak acceleration at the 1.7 Hz step frequency.
This phenomenon occurred because pedestrians decelerate
their walking frequency to maintain comfort during con-
tinuous walking [44]. No data exceeded the structural peak
acceleration corresponding to the 2.3 Hz walking frequency.
This demonstrated that the proposed coefficient can effec-
tively predict the structural peak acceleration under different
single-person step frequencies for walking excitations. In
general, it was observed that the walking frequency of pe-
destrians ranged from 1.7 Hz to 2.3 Hz. Consequently, the
utilization of 8, ; and 3, 3 proved to be effective in estimating
the acceleration response of the bridge under different
walking frequencies.

6. Conclusion

The vibration characteristics and acceleration responses of
pedestrian bridges were examined in this study through
a combination of field experiments and finite element
analysis. The primary conclusions derived from the study are
as follows:

(1) The responses of both heel-drop and walking exci-
tations were effective in obtaining the fundamental
frequency of the pedestrian bridge. Moreover, the
damping obtained from heel-drop excitations was
found to be more stable compared to that obtained
from walking excitations. The average damping ratio
under walking load was 0.022, while the average
damping ratio measured under heel-drop load was
0.018. On-site experiments under environmental
excitations revealed that the vertical fundamental
frequency of the pedestrian bridge was 3.35 Hz, with
a damping ratio of 0.018.

(2) Finite element analysis revealed that reduced height-
to-span ratios correspond to lower fundamental
frequencies and increased acceleration responses.
With a ratio of 1/80, the pedestrian bridge’s fun-
damental frequency was 2.01 Hz, below the 3Hz
minimum specified by the CJJ69-95 code, necessi-
tating stiffness, and damping improvements. Fur-
thermore, the fundamental frequency’s increase due
to varying tree pier concrete filling ranges was not
substantial. As the concrete filling range escalated
from I to III, the bridge’s mid-span peak acceleration
dropped by 27.08%. This effectively reduced the
vertical response of the bridge and enhanced its
vibration serviceability.

Advances in Civil Engineering

(3) A simplified model for heel-drop load, as described
by equation (2), was proposed to facilitate the easy
evaluation of structural vibrations by designers. The
peak coefficients of the acceleration responses for
both heel-drop and walking loads exhibited a linear
decrease with increasing walking frequency, as de-
scribed by equation (5). At the step frequency of
1.7 Hz, heel-drop loading generated peak accelera-
tion approximately 1.95 times greater than that
caused by walking load. As the step frequency in-
creased to 2.3 Hz, the peak acceleration resulting
from the heel-drop load was found to be roughly
1.56 times higher than that induced by the
walking load.
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