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Accurate simulation of walking load is of great significance in conducting human-induced
vibration analyses. However, accurate pedestrian walking load data obtained from long-
span footbridges is scarce and data reliability depends on the sensor used for
measurement. In the current work, Yanluo Footbridge with 102 m span was adopted
as test site and Xnode high-precision acceleration wireless sensor was applied for
measurements. An experimental investigation was performed on walking loads
according to bipedal walking force model. In experimental studies, single-person and
multi-person  walking tests were performed at Yanluo Footbridge to measure
corresponding stride frequency and dynamic load factor. The acceleration time-
histories of walking pedestrians were accurately recorded using three-axis wireless
acceleration sensor Xnode. Furthermore, the equation of dynamic load factor was
derived by analyzing time-histories and power spectra and the design models of
pedestrian walking load and crowd load were developed based on a great number of
experimental data. Time histories of pedestrian walking loads showed regular periodic
changes and dynamic load factor increased by increasing stride frequency. Using the
walking load model developed in this work, the reliable structure response of human-
induced vibration analysis can be obtained.

Keywords: bipedal walking force model, pedestrian walking load, wireless sensor, stride frequency, dynamic load
factor

INTRODUCTION

To measure pedestrian force, the time-history curve of footstep load was directly observed using
force measuring plate, walking machine, and other instruments to analyze its characteristics and
develop a mathematical model. (Harper et al., 1961) developed a force plate to measure the time-
history curves of vertical, lateral, and longitudinal components of the footstep load of an individual
pedestrian, which was the first experimental measurement of pedestrian load. Due to early
development of force plates and high accuracy of their measured data, many researchers have
applied and improved them and its technology has been matured. However, the large volume and
fixed position of the instrument limit the free walking of the tester. However, application of a wireless
acceleration sensor fixed in the body or waist leg is more convenient when collecting data on human
movement characteristics and pedestrian movement is not limited by the bulkiness of the device.
With rapid development of electronic technology, production cost of wireless sensors is decreasing,
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FIGURE 2 | Damped biped walking force model (Chen et al.).
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attracting the attention of researchers around the world. For
example, Song et al. applied acceleration sensors for the
development of activity recognition systems capable of
identifying daily activities such as running, walking, sitting,
standing, lying down, falling, etc., by fixing sensor module
connected to mobile phone on a belt with recognition
accuracy of up to 95.5%. A human body daily activity
recognition system was designed using three-axis acceleration
sensors (Khan et al,, 2010). By placing the recognition model on
waist, coat pocket, etc., daily physical activities such as going up
and downstairs, resting, riding and so on could be identified.
Recognition accuracy of this method could reach 95.96%. (Ailisto
et al., 2005) applied a triaxial acceleration sensor fixed at waist to
collect acceleration signals of walking and compared the collected
signals and with stored template signals. He found that the
average error rate was only 6.4%. In addition, accurate
pedestrian walking load data obtained from long-span
footbridges, such as arch bridge (Lu et al, 2021a; Lu et al,
2021b; Yang et al, 2022a) is scarce and data reliability
depends on the sensor used for measurement.

Acceleration sensors could effectively record responses
containing human motion information. Many other
researchers have conducted similar studies (Zhu et al., 2018;
Chen et al., 2019; Wang et al., 2019; Mohammed and Pavic, 2021;
Pawel et al,, 2021; Xiong et al., 2021; Chen et al., 2022). However,
few studies are available on indirect measurement of walking

force using acceleration sensors. Several approaches have been
designed to measure walking force by acceleration detection
systems based on 2DOF-bipedal walking force (Ebrahimpour
etal., 1996; Zivanovi¢ et al., 2005; Bachus et al., 2006; Geyer et al.,
2006; Bachus et al., 2006; Gurney et al., 2008; Jones et al., 2011).
Our findings confirmed that the developed system was able to
effectively measure walking force and walking characteristics.
However, both studies simplified human body as a double particle
and measured human body acceleration at the double center of
mass by acceleration sensors. However, test procedure was
relatively complex; the accelerations of mass centers of the
three test pedestrians were obtained under their free walking
and the number of test pedestrians and test conditions were
inadequate, which made it impossible to demonstrate the
differences of the walking forces of testers with different
human characteristic parameters. According to previous
research works based on bipedal walking force model, in this
work, human body was considered as a single particle. A three-
axis wireless acceleration sensor measured human body motion
accelerations at the center of mass and two legs. Furthermore, the
dynamic load factor of pedestrian walking load, which is a
fundamental parameter in describing harmonic amplitude,
could be obtained from a large number of experimental data.
Using the walking load model developed in this work, the reliable
structure response of human-induced vibration analysis can be
obtained. Since pedestrian load can be regarded as impact load or
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FIGURE 3 | Mechanical analysis.

periodic load, the results of this experiment can provide a
standardized load model for the response of bridge structure
under impact load (Yang et al., 2021a) or periodic load (Yang
etal., 2022b). In addition, the experiments described in this paper
provided test results for the formulation of regulations related to
structural vibrations in China and provided technical support for
vibration displacement monitoring of long-span structure (Lu
et al., 2020) and composite structures (Yang et al., 2021b).

In this paper, an experimental investigation was performed on
pedestrian walking and crowd loads and a corresponding
mechanical model was developed. We performed theoretical
studies using bipedal walking force model. In experimental
investigations, out single-person and multi-person walking

Walking Load in Steel Footbridges

tests were performed at Yanluo footbridge and tested
corresponding stride frequency and dynamic load factor were
evaluated. With three-axis wireless acceleration sensor Xnode, the
acceleration time-histories of pedestrian walking were accurately
recorded. Also, dynamic load factor equation was obtained by
analyzing time-histories and power spectra. Finally, design
models were established for pedestrian walking and crowd
loads based on a huge number of experimental data.

BIPEDAL WALKING FORCE MODEL

Several pedestrian models have been developed to study
pedestrian load (Wei and Griffin. 1998; Zivanovic et al., 2005;
Racic et al., 2009; Venuti and Bruno 2009; Bocian et al., 2013; Han
etal., 2017; Gao et al., 2018; Han et al., 2021). Bipedal force model
was established by (Geyer et al, 2006) based on spring-mass
model taking into account the gait characteristics supported by
bipedal during walking. As shown in Figure 1, this model ignored
foot rotation and simplified human body into a single-particle
system. Legs were simplified as two independent massless springs
supported on point mass. Both springs had stiffness, rest length,
and constant angle relative to gravity (g is gravity acceleration)
during follow-up phase. The figure showed a complete gait,
including two stages of monopod support and bipedal support.
Bipedal stage was from touching the ground with the heel of the
right foot (TD) to lifting the tip of the left foot off the ground
(TO). The leg which is pulled off the ground from the tip of the
foot until the heel is landed again during walking is known as
trailing leg, while the other leg is called leading leg. Geyer proved
that the model could simulate vertical walking force with bimodal
properties and vertical displacement of the center of mass.
(Qin et al., 2013) introduced damping parameters on the basis
of Geyer’s bipedal model taking into account human-structure
interaction. As shown in Figure 2, the two legs of a person were
simplified as massless springs and damping rods which moved
independently. In the process of moving, two spring legs
absorbed the generated impact energy when they touched the
ground (impact angle) simultaneously providing propulsion

Wireless Sensor Nodes

FIGURE 4 | Xnode wireless sensor.

Gateway and Graphical Interface

Frontiers in Materials | www.frontiersin.org

June 2022 | Volume 9 | Article 922545


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Deng et al.

TABLE 1 | Xnode performance parameters.
Input Frequency Channel Acceleration Range

3 Axis Acceleration +29

FIGURE 5 | Yanluo footbridge.

power. In the case of single-foot support, trailing leg was not in
contact with ground. At this moment, spring leg was in original
state, under which elastic recovery and damping forces were zero.
Meanwhile, leading leg was in contact with ground. Accordingly,
spring was in compressed state, so that elastic recovery and
damping forces balanced each other with gravity and inertia
forces of human body.

PRINCIPLE OF TEST DESIGN

Bipedal model of biomechanics simplified human body as a
point mass. Accordingly, two legs of human body were
simplified as a massless system consisting of two springs and
damping forces. The elastic and damping forces generated by
pedestrians when touching the ground in motion was in balance
with gravity and inertia forces of human body. As presented in
Figure 3, human body mass was represented by the mass my, of
the center of mass. In bipedal model, human body and ground
were regarded as a whole for force analysis. When the influence
of air damping force was ignored, the balance equations of the
gravity, inertia force and ground reaction force of human body
was derived as

mhg+mhé=F'Z (1)
where z and y are vertical and longitudinal accelerations of M,
respectively, Fé and F- denote vertical and longitudinal

reactions of ground, respectively, and g is acceleration due to
gravity.

Sampling Frequency (Hz)

Walking Load in Steel Footbridges

Sensitivity Precision (%)

100 0.66 V/g 0.04

According to the derived balance equation, a three-axis acceleration
sensor was fixed on pedestrian waist to measure the vertical and
longitudinal accelerations of the pedestrian when walking. Therefore,
ground reaction force could be calculated. The walking force of
pedestrian was obtained based on action-reaction relationship as

F. =-F, (3)

'

F,=-F, (4)

Furthermore, by fixing the three-axis acceleration sensor on
the left or right legs of the pedestrian, the vertical acceleration of
pedestrians’ walking when his left or right leg touched the ground
could be effectively measured.

Pedestrian walking load is difficult to predict and its frequency
and magnitude can significantly change. Walking is generally
characterized as regular predominantly horizontal human body
motion whereby at least one foot is always in contact with ground
in a frequency ranging from 1.4 to 2.5Hz (Jones et al,, 2011).
Typical Fourier series was used to represent periodic pedestrian
walking load, which was expressed as

F,(t) =G+ F,(t) (5)

where G is human body weight and F,(t) is the dynamic
component of pedestrian walking load stated as

F,(t) =G[A;sin(2rf,t +¢,) + Aysin(4nf,t + §,)
+ Assin(67f ot + ¢,)] (6)
where f, is the stride frequency of walking pedestrian A, A, and
Aj are the first, second and third dynamic load factors and ¢, ¢,

and ¢, are the three associated phase lags in radians, respectively.
According to reference [30], the values of these factors were

Az,Ag = 0.25A1,¢1 =0, ¢2,(/)3 =7 (7)

Therefore, in order to develop pedestrian walking load model,
first dynamic load factor had to be evaluated. In addition, the
expansion of pedestrian walking load models calibrated for
individuals into models for crowd loads is an important subject.
According to Eq. 5, crowd load model could be expressed as

Fo,(t) =Q[Ll+ Ay sin(2ufut +¢,) + Ay sin(4mf ot + ¢,)
+ Ay sin (67 f ot + ¢,)] (8)

where Q is the weight of associated crowd. In experiments, both
first dynamic load factor A; and stride frequency f, of the crowd
load had to be tested.

EXPERIMENTAL RESEARCHES

The major instruments adopted in this work included three-axis
wireless acceleration sensor, gateway node the computer with a
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TABLE 2 | The first 10 natural vibration frequencies and periods.

Walking Load in Steel Footbridges

Order Natural Vibration frequency Natural Vibration period ( sec ) Modal Characteristics
(Hz)
1 2.030 0.493 Main beam transverse anti - symmetric bending
2 2.041 0.490 The main beam is bent in transverse symmetry
3 2.304 0.434 Transverse and vertical main beams are opposed to symmetric bending
A B
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FIGURE 6 | Diagram of the first 3 modes: (A) 1 order vibration mode; (B) 2 order vibration mode; (C) 3 order vibration mode.
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corresponding terminal program installed. Terminal program
enabled the computer to communicate with Xnode gateway
node, as shown in Figure 4. Embedor’s proprietary
synchronized distributed sensing framework could precisely
deliver synchronized sensed data from thousands of distributed
sensor channels. Wireless communication protocol between
Xnodes and Gateways enabled highly accurate time
synchronization with precision of 50-microsecond and ensured
reliable and lossless data transfer under any operating conditions.
Furthermore, each Xnode could be configured either as a sensor
node or as a Gateway to coordinate and maintain wireless
transmissions across a network of distributed wireless sensor
nodes. This modular and versatile sensor platform enabled
wireless data acquisition and processing for data-intensive
applications (high resolution and high sampling rate) such as
structural health monitoring, manufacturing and monitoring of
industrial equipment, and seismic sensing. Sensor board employed
a 24-bit ADC (Texas Instruments ADS131E8) with eight channels
allowing maximum sampling rates up to 16 kHz. The device was
equipped with an ultra-compact low power triaxial accelerometer
and technical parameters are summarized in Table 1. Xnode
wireless triaxial acceleration sensor could obtain acceleration
along three directions of any position in human body. Studies
have shown that human body mass center was closest to waist

TABLE 3 | Physical characteristic values of testers.

Tester Gender Height(m) Weight(kg) Length of Leg(m)
Tester 1 Male 1.70 70 0.91
Tester 2 Male 1.75 56 0.93
Tester 3 Female 1.58 53 0.85
Tester 4 Female 1.58 45 0.86

abdomen. Therefore, in experiments, three sensors were placed on
tester’s back, waist, and two legs. The X-axis of sensor was aligned
with the vertical direction of human body to obtain vertical
acceleration of mass center, Y-axis was aligned with horizontal
direction of human body, and Z-axis was aligned with forward
direction.

Finite Element Analysis

Yanluo Footbridge in Shenzhen with 102 m length and level
ground was selected as test site, as shown in Figure 5. Yanluo
Footbridge is a steel foot bridge and was designed for Foxconn
workers to connect dormitory and work areas. Therefore, the flow
of people was relatively large and people walked in a hurry. Using
MIDAS Civil for eigenvalue analysis, natural vibration
characteristics of the first 3 orders were calculated. The
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TABLE 4 | Experimental data of tester 1 walking at different step frequencies.

Walking Load in Steel Footbridges

Movement Stride frequency/Hz Time/s Average Speed/(m/s)
Fixed Frequency 14 34.72 0.8295

Fixed Frequency 1.6 26.91 1.0702

Fixed Frequency 1.8 24.56 1.1726

Fixed Frequency 2.0 21.75 1.3241

Fixed Frequency 2.2 19.86 1.4502

Fixed Frequency 2.5 17.00 1.6941
Random Frequency 1.7865 22.39 1.2863
Random Frequency 1.8795 20.75 1.3879
TABLE 5 | Experimental data of tester 2 walking at different step frequencies.

Movement Stride frequency/Hz Time/s Average Speed/(m/s)
Fixed Frequency 1.4 28.98 0.9938

Fixed Frequency 1.6 22.69 1.1043

Fixed Frequency 1.8 26.08 1.2693

Fixed Frequency 2.0 19.91 1.4465

Fixed Frequency 2.2 19.86 1.6602

Fixed Frequency 2.5 17.00 1.7341
Random Frequency 1.9767 17.20 1.6744
Random Frequency 1.8052 21.08 1.3682
TABLE 6 | Experimental data of tester 3 walking at different step frequencies.

Movement Stride frequency/Hz Time/s Average Speed/(m/s)
Fixed Frequency 1.4 33.72 0.8541

Fixed Frequency 1.6 27.83 1.0348

Fixed Frequency 1.8 25.19 1.1433

Fixed Frequency 2.0 23.60 1.2203

Fixed Frequency 2.2 27.76 1.3823

Fixed Frequency 25 25.66 1.4924
Random Frequency 1.7111 25.13 1.1460
Random Frequency 1.7481 25.17 1.1442
TABLE 7 | Experimental data of tester 4 walking at different step frequencies.

Movement Stride frequency/Hz Time/s Average Speed/(m/s)
Fixed Frequency 1.4 36.49 0.7893

Fixed Frequency 1.6 33.90 0.8496

Fixed Frequency 1.8 27.76 1.0375

Fixed Frequency 2.0 25.66 1.1224

Fixed Frequency 2.2 27.76 1.2475

Fixed Frequency 25 25.66 1.3624
Random Frequency 1.7678 26.02 1.1068
Random Frequency 1.9040 24.16 1.1921

frequency and period of natural vibration are summarized in
Table 2 and the first 3 modal diagrams are shown in Figure 6.

When the frequency of the pedestrian load is close to the
natural vibration frequency of the footbridge, the pedestrian
bridge resonance may occur. It could be seen from Figure 6
that the third-order natural vibration frequency of the modified

bridge was relatively close to pedestrian stride frequency but

further analysis was required.

Walking Force Test for the Single Person
To avoid pedestrian interference, tests were performed at night.
For accurate investigation, two men and two women without
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TABLE 8 | Physical characteristics of testers.

Tester Gender Height(m) Weight(kg) Length of Leg(m)
Tester 5 Male 1.75 70 0.95
Tester 6 Male 1.62 53 0.87

TABLE 9 | Experimental data of synchronized multi-person walking.

Movement Total Step/Step Time/s Average Speed/(m/s)
Two testers in a line 43 23.65 1.2178
Four testers in a line 44.5 24.61 1.1703
Six testers in a line 44.5 24.53 11741
Two testers in two lines 40.5 22.51 1.2794
Four testers in two lines 43 23.74 1.2131
Six testers in two lines 43.5 23.82 1.2091

walking defects were adopted for the test. The physical
characteristics of the testers were collected and recorded
before the test, as shown in Table 3. In order to
simultaneously observe leg acceleration change during walking
process, three wireless acceleration sensors were attached to the
waist and front side of the left and right thighs of the testers
through bandages.

In experiments, fixed walking frequencies of 1.4, 1.6, 1.8,
2.0, 2.2, and 2.5Hz and two groups of random walking
frequencies were selected in all eight working conditions,
in which a metronome controlled fixed walking frequency.
After the sensor was fixed, testers performed adaptive
walking training until they could adapt to normal walking
instrument. After turning on the child node switch and
waiting for the gateway node to set out the test
instruction, the tester followed the metronome to walk
uniformly along the test route. After finishing fixed
cadence test, testers walked along a random uniform

Walking Load in Steel Footbridges

straight line with cadence according to their walking
habits. During the tests, step number and walking time of
each tester was recorded and processed; the obtained test
results are summarized in Tables 4, Table 5, Table 6, and
Table 7.

From the experimental data given in Tables 4, Table 5,
Table 6, and Table 7, it was seen that the walking speeds of
four testers were gradually increased with the increase of stride
frequency, which was consistent with theorical findings. By
calculation, the average stride frequency of four test testers for
a total of 8 free walks was 1.8224 Hz, which was consistent with
the average stride frequency of 1.82 Hz experimentally obtained
for more than 2,000 students in reference [31]. At the same time,
average free walking speed of the four testers was calculated to be
1.288 m/s, which was also consistent with the findings of previous
studies. Comparing the data from the four groups, it was found
that the average walking speed of the two men was greater than
that of the two women when walking freely. Step length of men
was longer because they had longer legs than women. Therefore,
walking speed of men was much greater than women at the same
walking frequency since its value was equal to the product of step
length and stride frequency.

Multi-Person Walking Test

Selection of the site and time of tests was consistent with
single-person walking load test procedure. In addition to the
four testers who were evaluated in single-person walking force
tests, two additional testers with no movement disorder and
different heights and weights were selected for multi-person
tests. The physical characteristics of the testers are
summarized in Table 8.

Unlike walking load test conditions of individual pedestrians,
it was necessary to conduct synchronous adaptability training
before tests and attach an acceleration sensor on the back of the
waist on each tester during walking tests. First of all, two testers
were required to walk in a row less than 60 cm from each other

A
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FIGURE 7 | Time histories of non-dimensional pedestrian walking loads for different stride frequencies and measuring positions: (A) 1.4Hz; (B) 1.8 Hz.
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FIGURE 8 | Time histories of non-dimensional pedestrian walking loads for different testers.
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FIGURE 9 | Time histories of non-dimensional pedestrian walking loads for multi-person walking.

because longer intervals could reduce the test to a one-pedestrian
walking test. After several tests on the walking conditions of two
people standing in a row, the testers walked side by side in two
rows again. Finally, tests with 4 and 6 people were performed in
the same manner. Walking time and the number of steps of the
testers under all conditions were recorded throughout multi-
person walking tests, as presented in Table 9.

As summarized in Table 5, Table 6, Table 7, Table 8, and
Table 9 both walking time and the number of steps were
increased with the increase of the number of testers, no matter
they walked in one or two columns, which indicated that walking
speed and step length of pedestrians crossing the bridge were
decreased by increasing crowd density under normal
circumstances. Total walking steps and walking time in the
opposite direction were smaller than those for one or two
lines, which might be because the testers were far apart before

the intersection in the opposite direction without interfering with
each other.

ANALYSIS OF TEST RESULTS

Time History Analysis

Dynamic load factor (DLF) of pedestrian walking load, also
known as the first harmonic dynamic load factor, is a basic
parameter describing the harmonic amplitude of dynamic load.
Dynamic load amplitude was calculated as the product of
pedestrian weight and dynamic load factor. To illustrate the
effects of stride frequency and measuring position of human
body on time history and DLF of pedestrian walking load, time
histories of non-dimensional pedestrian walking load F,, (t)/G of
tester 1 were plotted for different stride frequencies and
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FIGURE 10 | Power spectra of pedestrian walking loads for stride frequencies f,, of 1.4 and 2.0 Hz
measuring positions, as shown in Figure 7, where stride It was seen from Figure 7 that when measuring position was in
frequency f, was set at 1.4 and 1.8 Hz. Measuring positions  centroid, time history showed regular periodic changes, where the
were centroid, left leg and right leg. period of the time history curve with stride frequency 1.4 Hz was
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longer than that with stride frequency 1.8 Hz. It was also seen that
when measuring position was in left and right legs, the half period
of time history curve showed regular periodic changes and the
other half showed irregularity. This indicated that the irregular
half period of time history denoted one foot off the ground and
the regular half period indicated that one foot or two feet touched
the ground. In addition, DLF, defined as the amplitude of time
history curve of non-dimensional pedestrian walking load, also
shown in Figure 7, for stride frequency 1.4 Hz was smaller than
that for stride frequency 1.8 Hz. Also, the DLF value obtained for
measuring positions of two legs was higher than that with
measure position located in centroid. In addition, to illustrate
human weight effects on time history and DLF of pedestrian
walking load, time histories of non-dimensional pedestrian
walking load F,, (t)/G were plotted for testers with weights G
= 686, 549, 519 and 441N, and stride frequency f,, = 1.6 Hz, as
shown in Figure 8.

It was seen from Figure 8 that the amplitude of time history
curves for the four testers had little differences and the tester
with weight of G = 686N had the highest value. This indicated
that the amplitude of time history curve was slightly increased
by increasing in human weight. Therefore, the effects of human
weight in pedestrian walking load model were ignored.
Furthermore, to illustrate the effects of multi-person walking
on the time history and DLF of pedestrian walking load, time
histories of non-dimensional pedestrian walking load F,, (t)/G
were plotted, as shown in Figure 9 for testers 1, 2, 3, and 6

walking together. It was seen from the figure that, when
pedestrians were walking together, the range of stride
frequency f, of pedestrians was narrow; ie. 1.7 Hz-1.9 Hz.
It was also seen from Figure 9 that the amplitudes of time
history curves of all testers were very close. This indicated
that crowd loads had very narrow ranges of stride frequency
and dynamic load factor. Therefore, according to test results,
the stride frequency of crowd load could be considered to be
1.8 Hz.

Power Spectrum Analysis

In order to further investigate the DLF of pedestrian walking
loads, power spectra of pedestrian walking loads have been
analyzed in this section. To illustrate the effects of stride
frequency and measuring position of human body on the
power spectra and DLFs of pedestrian walking loads, the
power spectrum of pedestrian walking load of tester 1 for
centroid, left leg and right leg measuring positions were
plotted for stride frequencies f,, = 1.4 (Figure 10A), 1.6 Hz
(Figure 10B), f,, = 1.8 (Figure 10C) and 2.0 Hz (Figure 10D).
It could be seen from Figure 10 that when measuring position
was in centroid, the frequency segment near stride frequency
presented a peak in corresponding power spectrum curve, which
was considered as DLF A;, and increased by increasing stride
frequency f,,. When measuring position was in left or right leg,
the frequency segments near 0.5 fy, f, and 1.5 f,, presented
three peaks in corresponding power spectrum curve, which were
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FIGURE 12 | Power spectra of pedestrian walking loads for four testers.
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defined A5, A; and Ags, respectively, and were increased by
increasing stride frequency f,. Since the left and right legs were
in ground touching status only for half time, the lowest

frequency segment of power spectrum curve having a peak
for measuring position being in the left or right leg is closed
t0 0.5 f.
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FIGURE 13 | Power spectra of pedestrian walking loads for six testers.

To illustrate the effects of multi-person walking on the power
spectra and DLFs of pedestrian walking loads, the power spectra of
pedestrian walking loads were plotted for testers 1 and 2 walking in
a line and side by side (Figure 11), testers 1, 2, 3 and 6 walking in
two lines (Figure 12A), testers 1, 2, 3 and 6 walking in one line
(Figure 12B), testers 1-6 walking in two lines (Figure 13A), and
testers 1-6 walking in one line (Figure 13B). Figure 11, Figure 12,
and Figure 13 showed that when pedestrians walked together, the
frequency segment near the stride frequency presented a peak in
corresponding power spectrum curve, which was called DLF A,
and had a narrow range of about 0.168-0.254. It was also found
that the stride frequencies f, of pedestrians walking together had a
narrow range of about 1.782-1.904 Hz.

Design Equations of Pedestrian Walking

Loads and Crowd Loads
According to test results, design equations of pedestrian walking
loads and crowd loads were built up in this section.

The Eq. 6 can be used to build the design equation of
pedestrian walking loads, which can be given by

F,(t) = G{1 + A, [sin (27 f ,t) + 0.25 sin (471 f ¢ + 71)

+0.25sin (67 f,t + )]} 9)

where A; is the DLF of pedestrian walking loads obtained from
power spectrum analysis. In order to obtain the equation of the
DLF of pedestrian walking loads A;, variations of A; obtained
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under various test conditions in the experiment with the stride
frequency f,, are shown in Figure 14. In addition, the upper and
lower bounds of the relation between A; and f,, were obtained by
linear fitting analysis, which is also shown in Figure 14. For safety
reason, the upper bounds were applied to derive the equation of
the DLF of pedestrian walking loads as:

A =03f,—0.28 (10)

Furthermore, Eq. 8 could be used to derive the design equation
of crowd loads, which was stated as

Fe, (t) = Q{1 + Ay [sin (27 f ) + 0.25 sin (47 f t + 7)

+0.25sin (67 f,t + )]} (11)

The stride frequency f,, and DLF A, of the crowd loads were
obtained from the mid-value of test data. According to Figure 11,
Figure 12, and Figure 13, the mid-value of the stride frequency f,,
of crowd loads test was 1.843Hz, and that of the DLF A; of crowd
loads test was 0.211. Therefore, the design equation of crowd
loads was expressed as

F.p(t) = Q{1 +0.211 [sin (11.58¢) + 0.25 sin (23.16t + 71)

+0.25sin (34.74t + )]} (12)

CONCLUSION

This paper presented an experimental investigation on pedestrian
walking and crowd loads for Yanluo foot bridge. A theoretical
study was carried out using a bipedal walking force model. In the
experimental investigation, both single-person and multi-person
walking tests were performed and corresponding stride
frequencies and dynamic load factors were evaluated,

Walking Load in Steel Footbridges

respectively. The average frequency and walking speed of four
testers in individual pedestrian tests for eight free walks were
consistent with those reported in previous studies, which verified
the reliability of the tests. In addition, design equations of
pedestrian walking loads and crowd loads was obtained by the
analysis of time-histories and power spectra. It was found that
there was a similarity in variation rules of walking forces of
different testers, but due to differences in walking habits and
human characteristic parameters (such as height, weight, leg
length, etc.), walking force could change. It was also found
that dynamic load factor was increased by increasing stride
frequency, and the mid-value of the stride frequency f,, of
crowd loads test was 1.843 Hz, and that of the DLF A; of
crowd loads test was 0.211.

The experiments described in this paper provide a
standardized load model for the response of bridge structure
under impact load or periodic load, provided test results for the
formulation of regulations related to structural vibrations in
China and provided technical support for vibration
displacement monitoring of long-span structure and composite
structures.
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