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Abstract. Many people suffered severe injuries from crashing into furniture or falling when
attempting to evacuate during a large historical earthquake. To assess human injuries during an
earthquake, it is essential to estimate both the behavior of furniture and a human response to
shaking. This study proposes a method for evaluating injury during an earthquake that considers
the behavior of humans and furniture by constructing seismic response analysis models in a
physical simulator. First, shaking table tests with human subjects were conducted to observe the
behavior of a human during strong motions. Next, a human body model considering walking and
falling was developed based on a cart-type double inverted pendulum with a feedback control
system. To set appropriate feedback gains of the control system, the displacement and velocity of
the head of the human body model were compared with those of the human subject in the shaking
table test. Entering the strong motion recorded during the 1995 Hyogo-ken Nanbu earthquake into
the human body model, the manner in which people behave and fall when they are walking during
shaking was investigated. A static loading test of a bookshelf was conducted to measure the static
and dynamic friction coefficients to construct a seismic response analysis model of the furniture.
Finally, the human body and furniture models were incorporated into the physical simulator. The
floor responses calculated by seismic response analysis of an RC super high-rise building were
input to the simulator to evaluate the risk of human injury in the building. The degree of injury
was quantitatively evaluated using head injury criterion.

Introduction
People are injured by colliding with furniture, being cut by broken glass, or falling while trying to
evacuate during an earthquake. Therefore, to assess the human injury and develop mitigation
measures, it is necessary to evaluate the behavior of both humans and furniture simultaneously.
Previous studies addressed indoor damage during an earthquake. Yoshizawa et al. [1]
investigated indoor damage in earthquakes based on shaking table tests. Previous studies dealt
with human behavior during earthquakes. Cimellaro [2] investigated the behavior of a human
maintaining a posture during shaking. However, these studies were not aimed to propose a method
for the evaluation of human injury by considering the human response to earthquakes.

To estimate the human response during an earthquake, a seismic response analysis model of the
human body is required because it is impossible to conduct realistic experiments in which people
fall or are injured during an earthquake. Previous studies developed seismic response analysis
models for the human body. Yamamoto [3] and Yoneda et al. [4] proposed seismic response
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models for the human body. The model is a single-mass system, and it is impossible to consider
stepping to maintain the posture.

Hida et al. [5] developed a seismic response analysis model of the human body based on a cart-
type double inverted pendulum, which evaluates injury caused by collision with a rigid plane using
the HIC score. In addition, Hida et al. [6] developed a human body model, considering falling.
However, the behavior of furniture during an earthquake was not considered.

This study proposes a methodology for the evaluation of the human injury, considering both
human response and behavior of furniture using a physical simulator. First, a seismic response
analysis model of the human body considering walking and falling due to an earthquake was
developed. Next, an indoor model, including a human body model and a seismic response analysis
model of furniture, was built on the physical simulator. This approach can be used to evaluate the
injury status of people evacuating during an earthquake.

Outline of Shake Table Test

Figure 1 illustrates the setup of the shaking table test. The size of the shaking table was 5 m X 5
m. The vibration of the shaking table was in two horizontal directions. To ensure the safety of the
subject, a handrail consisting of steel pipes and safety nets was added to the shaking table. Safety
mats were installed under the handrail. To reproduce the indoor condition, a blackout curtain was
installed at the end of the shaking table in front of the subject. Six video cameras (1920 x 1080,
60 fps) were installed around the test area to capture the behavior of the subject.

Figure 2 shows a human subject (male, 24 years old, 169 cm, 57 kg). The subject was equipped
with a helmet and protectors to ensure safety. To measure the head movement during shaking
markers were attached to the head. The displacement waveforms of the marker attached to the
helmet and shaking table were obtained using a 3D motion capture system. The subject was
instructed to walk 3.5 m at a steady rhythm during excitation.

The shake table test was performed using recorded strong motions. The records were observed
at the operation floor of a reactor building of a nuclear power plant during the Niigata-ken Chuetsu-
oki earthquake in 2007 in Japan.

'Shakingtab[e > P, o Steel pipe

Figure 1 Bird eye view of Shaking Table Test F i;;;ite 2 Human Subject

Seismic Response Analysis Model of Human Body

Figure 4 shows the nonlinear seismic response analysis model of the human body based on a cart-
type double inverted pendulum with a feedback control system. The body was modeled using two
pendulums. The upper pendulum corresponds to the upper body, whereas the lower pendulum
corresponds to the lower body. The anteroposterior movement of the cart corresponds to the
movement of the center of pressure due to foot stepping. The hip torque of a body can be
considered the torque applied on a hinge between the upper and lower pendulums. The backbend
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of a body can be considered by a spring and damper attached between the lower and upper
pendulum. The nonlinear equation of motion of the model is as follows [6]:

di {ED)+E, (D} 20, (D cost, (D+d36 (D) cost (D+u E(0)

= dy{6, (0 sind, (ty+d3 {6, (D)) sinb, ()£, (0)
dycos0, (D{E(D+&, (D Hdy 0, (D)+ds cos{O, (D-0,(D} 62 (1)-7, (D1, (016> ()-6, (D)}

) "=d7sint91 (D-ds{6, (t)}z Sin_.{‘gl (t)-02. _(t)} -7(0) \ :
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where 6, (¢) and 0,(¢) are the angles with respect to the vertical line of the lower and upper
pendulum at time z. §(7) is the relative displacement between the cart and floor. ¢,(¢) denotes the
absolute displacement of the floor. f_(?) is the horizontal force applied to the cart. 7(#) denotes the
torque applied to the hinge between the lower and upper pendulum. 7,(7) is the torque of the spring
used to confine the back bend. x_ and 1, are the viscosity coefficients of the cart and hinge

)

attached between the lower and upper pendulums, respectively. Note that d; ~ dg and 7,(7) in
Equations (1)—(3) are expressed by the following equations [6]:

dy = my+my+m, dy =l + maly
d3 = mzlz d4 - J1+m112 * m212 (4)
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d; = (mli+myLy)g ds = mybg
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where, mi1, m2, and mc are the masses of the lower pendulum, upper pendulum, and cart,
respectively. /1 and /> are the heights from the lower end to the center of mass of the lower and
upper pendulums, respectively. L1 and Lo are the total lengths of the lower and upper pendulums,
respectively. Ji and J; are the rotational inertia of the lower and upper pendulums, respectively.
k,(?) s the stiffness of the attached spring between the lower and upper pendulum.

The seismic response analysis model of a human body attempts to maintain its standing posture
using a feedback control system. Feedback control is relevant to postural control in humans.

The block diagram of the model is shown in Figure 5.
x(?) 1s the state vector and r(t) is the reference vector. These vectors are expressed by the following
equations:

. . . T
x(D={§(8) 6:(t) 6;(1) £(t) 6.() 6, (1)}, r(D={& ()0 00 0 037 (1)
where ¢ (7) is the time-varying reference of the relative displacement between the cart and floor,

and the human body model can be considered walking by changing that with time.
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When a human is disturbed and tries to stabilize its standing posture, there is a time delay in
generating the control force due to the time lag caused by neurotransmission, information
processing in the brain, and force generation in the nerve-muscle-skeletal system. In this study,
the time delay is considered the dead time (L) in the feedback system, and the difference between
the state vector x(¢) and reference vector r(¢) is delayed for a specified time before input to the
controller. The control torque 7(¢) applied to the hip and the control force f (7) applied to the cart

are expressed by the following equations:
)=k.e(t-L),  f(O)=we(Owe() kfC e(t-L) (2)

where e(t - L) is the difference between the state vector x(¢) and the reference vector r(7),
considering the dead time. w-(¢) and wf-z(t) are the coefficients that consider the falling of a human,

as described later. k,(¢) and kfc (¢) are the feedback gains, expressed by the following equations:

ke={kee koo, Ko, ko Keg, Kog, b Ye={kre kro, Kro, Ky kpg, Ky, } ()
where ke, ki, ki, , ki kg, and k4 are the feedback gains of 7, multiplied by the difference

Tl

between the state vector x(f) and the reference vector r(¢f). State variables are the relative
displacement between the cart and floor, angles of the lower and upper pendulum, relative velocity
between the cart and floor, and angular velocity of the lower and upper pendulum. Similarly, &z,
k> kp, > ki, kyj, and ky are the feedback gains of fe multiplied by the difference between the state
vector x(¢) and the reference vector r(¢). In this study, MATLAB and Simulink [7] were used to
perform the analysis.

To consider the fall of a person, the threshold for the relative displacement and velocity
between the cart and the floor was set in the body model. It was based on the threshold for balance
recovery in humans. Table 2 shows the thresholds of balance recovery in the forward and backward
directions [8].

Table 2 Threshold of balance recovery of front-back direction [8]

Lean direction Forward Backward
Reaction Time (ms) 153+13 206+31
Step Time(ms) 238+7 193+28
Step Length(m) 1.0324+0.082 0.72440.047
Mean Step Velocity (m/s) 4.327+0.334 3.807+0.656

The threshold of the relative displacement between the cart and floor was 1 m forward and 0.7 m
backward. The threshold of the relative velocity between the cart and floor was 4.3 m/s forward
and 3.8 m/s backward. The control force applied to the cart becomes zero when the displacement
or velocity of the cart exceeds a threshold. The limit coefficient of the control force applied to the
cart is expressed as follows:

0 (E(D-£1-0.2) < -0.7) 0 (€ <-38)
we(H=1 1 (-0.7 < E0-E-0.2)< 1),  we(H={1 (-38<&()<43) 4)
0 (E(0-4(-02)> 1) 0 (&0 = 4.3)

Analytical Result of Seismic Response Analysis Model of Human Body
Table 3 lists the parameters of the seismic analysis model for the human body. The length and
mass of the pendulum were set based on the height and weight of the subject in the shaking table

.- .+
test. &g éﬁmit, Climie and &y, are limitation values of the relative displacement and velocity
between the cart and floor. The dead time, L was set as 0.1 seconds.
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Table 3 Parameter of Seismic Analysis Model of Human Body

T iy e Ll Lg ]1 ]2 Jl Jg
167kg 386kg 168kg 082m 0785 m 0453m 030lm 5.55kgm’ 3.5 kgm?
= T e T )
e Hp ko $ otimit € limit E fimit S limit g Time delay
10000 Ns/m 20 Ns/rad 200 N/rad 0.7m lm 4.3 m/s 3.8 m/fs 9.8 m/s’ 0.1s

In this study, a seismic response analysis of behavior in the forward/backward direction of a human
was performed. Table 4 presents the feedback gains of the feedback control system. The feedback
gains were determined such that the displacement and velocity of the head of the human body
model corresponded to those of the human subject in the shaking table test.

Table 4 Feedback Gain
% kﬁ” %2 kf: }‘:ﬁfl kféz
—1800N/m —42300N/rad —11900N/rad —17000 Ns/m —17300 Ns/rad —2270 Ns/rad
kes kro1 kroz ko= krgy kg,
—949N  —96.6Nm/rad 113 Nm/rad —26.3 Ns —13 Nms/rad —13.2 Nms/rad

Figure 6 shows the time-history waveforms of the absolute acceleration of the shaking table, as
well as the experimental and analytical results of the relative displacement and velocity of the head
with respect to the shaking table. The reference for the relative displacement between the cart and
floor was set using a ramp function with a slope of 1.1 m/s. The amplitude and phase of the
waveforms analyzed by the human body model were consistent with the experimental results.
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Figure 6 Time history of head, CoP and shaking table of Case3

Evaluation of Human Injury considering both Human and Furniture Behavior

In this section, a physical simulation is performed using Unity [9] to evaluate injury considering
both human and furniture behavior. The human body and furniture models were incorporated into
the physical simulator.

The furniture was modeled as a rigid body for the seismic response analysis. The static and
dynamic friction coefficients of the furniture model were based on the results of the static loading
test on a bookshelf. The static and dynamic friction coefficients were set as 0.171 and 0.120,
respectively.

To generate the input motion, a seismic response analysis of an RC super high-rise building
was performed. The analysis model used [10] was a 30-story multi-mass shear model.

The first natural period of the model was 1.8 s. The restoring force characteristics of the springs
installed in each layer were a degrading trilinear model. The damping model was tangent stiffness-
proportional damping, and the damping ratio was set to 0.03 for the first-order natural frequency.
The strong motion record observed during the 1995 Hyogo-ken Nanbu earthquake was used as the
input motion. Analysis was performed using SNAP Ver. 8 [11]. After the analysis of the building
model, the acceleration waveforms of the 30th floor were input into the seismic response model of
the human body and the physical simulator.
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Figure 7 shows the situation of the room and the locations of the human model and furniture.
This is a standard room for apartment buildings in Japan. The floor area is approximately 30 m?.
The distance from the window to the entrance was 6 m. The human body model was made to walk
6 m to simulate an evacuation.

Figure 8 shows the image sequence of the physical simulation before the human model falls.
Figure 9 shows the image sequence of the human motion. The bookshelf collides with the model
from one side at 9 s. The model collides head-on with the entrance door at 10.5 s. After 12 s, the
human model falls backward, and the occiput collides with the floor. Injuries from collisions with
furniture or doors occur before the model falls. These injuries cannot be evaluated when only
human behavior was considered. Therefore, estimating the behavior of both furniture and humans
simultaneously is essential for evaluating human injury during an earthquake.
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Figure 9 Image Sequence of Human Motion on the 30th floor

Figure 10 shows the relative velocity of the head with respect to the colliding object when the
human body model collided with the furniture or door and fell. The HIC scores [12] corresponding
to each injury were calculated based on head velocity as shown in the figure. The injuries are
classified as minor when the head injury does not affect consciousness, moderate when the skull
is fractured, critical when cerebral contusion occurs, and fatal when the person is dead.

The relative velocity of the head when the model collided with the entrance door exceeded the
minor injury level and was larger than that when the model collided with the bookshelf. This
suggests that the level of injury may be higher during frontal collisions than during side collisions.

The relative velocity of the head when the human body model fell exceeded the fatal injury
level. These results suggest that falling backward is more dangerous than hitting an object on the
head.
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Using the human body and furniture models developed in this study, it is possible to
quantitatively evaluate the possibility of injury during an earthquake. However, the seismic
response model of the human body constructed in this study evaluated the behavior of only one
subject in the shaking table test. Thus, the human body model could not evaluate the variation in
behavior caused by individual differences. Furthermore, it is important to note that the HIC scores
calculated in this study can lead to an overestimation of injury because the scores were evaluated
under a assumptions that when the head collides with a rigid plane.

Conclusion

In this study, we developed a seismic response analysis model of the human body, considering

walking and falling based on a shaking table test. To evaluate injury during an earthquake,

considering the behavior of humans and furniture simultaneously, a seismic response analysis

model of the human body and furniture was incorporated into a physical simulator. The probability

of injury was evaluated using the HIC score. The findings are as follows:

1) Therelative displacement and velocity between the human head and floor during walking can
be evaluated accurately using the cart-type double inverted pendulum model.

2) The falling of a human can be simulated by setting a threshold for the relative displacement
and velocity between the cart and the floor.

3) Using the seismic response analysis model of the human body and furniture developed in this
study, it is possible to evaluate the possibility of injury during an earthquake.
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