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It is essential to evaluate the safety of the life-saving passage in building ruins and to ensure the “double safety” of rescuers and
trapped people during the earthquake rescue; however, there are few studies on the safety evaluation method of life-saving
passage. In this paper, the vertical displacement of wood shoring is proposed as an evaluation indicator of the saving-life passage
considering the characteristics of building ruins and the size of the living space of the trapped. Taking life-saving passage of the
pancake-type building ruins as research object, the evaluation of the safety of the life-saving passage was investigated under the
action of aftershock. The vertical bearing capacity test of wood shoring is performed in order to obtain the evaluation indicator of
saving-life passage. The restart function of ANSYS/LS-DYNA program is used to re-edit the numerical model of the building ruins
to construct the life-saving passage, then, the safety evaluation of life-saving passage of the pancake-type building ruins is
investigated under the action of aftershock. The results show that the constructed life-saving passage passed the safety evaluation
under the actions of different aftershocks. The possibility of the secondary collapse of the life-saving passage increases expo-
nentially with the increase of rescue time within “72-hour gold rescue,” and the growth is slow after 72 hours when the magnitude
of the main earthquake reaches above 7.4; the safety factor K should be increased appropriately if wood shoring is used to
construct a life-saving passage when the main earthquake’s magnitude is greater than or equal to 7.5. The safety evaluation method
of life-saving passage can provide effective reference for earthquake rescue.

1. Introduction

Not only are the trapped people in danger during the
earthquake emergency rescue process but also the rescuers.
Over 100 rescuers and volunteers died due to the secondary
collapse of building ruins during the rescue process in the
1985 Mexico City 8.1 magnitude earthquake (Xu) [1]. Several
rescuers were injured and killed due to the rescue in the 2008
China Wenchuan magnitude 8.0 earthquake (Chen) [2]. A
large number of rescue workers and trapped people died in
earthquake rescue according to a systematic review of OR
and MS research in humanitarian operations [3, 4]. Rescuers
and volunteers are often injured and killed due to the

secondary collapse of the building ruins, which caused the
construction of life-saving passage [5]. Therefore, evaluating
the safety of the life-saving passage in building ruins is
important to ensure the “double safety” of rescuers and
trapped people in the earthquake rescue process. Currently,
the safety evaluation of life-saving passage at earthquake
rescue sites both domestically and internationally is mainly
based on the professional and technical capabilities of
Specialized Search and Rescue (SAR) team and Search and
Rescue Guidelines (SAG) [6]. In 1998, the United States
released the “Field operation guideline” (U.S. Army Corps of
Engineers) [7], which gives the methods and steps of the
safety evaluation of the life-saving passage in building ruins.
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Furthermore, in 2002, the United Nations Search and Rescue
Advisory Group formulated the International Search and
Rescue Guide (INSARAG) [8] to clarify the safety evaluation
steps, including the building ruins’ rapid evaluation method,
the structural engineer’s evaluation of the group building at
the rescue site, the hazardous substances at the rescue site,
and rescue subtree strategies and procedures for con-
structing the life-saving passage in building ruins. In 2001,
the National Earthquake Rescue Team, also known as China
International Search and Rescue (CISAR) [9], was estab-
lished to evaluate the safety of building ruins at earthquake
rescue sites in China. Meanwhile, USAR has undertaken
earthquake emergency rescue work due to the establishment
of USAR team in some countries. For example, the 1986
Kalamata earthquake struck the southern Peloponnese of
Greece on September 13 at 20:24 local time [10]. The rescuers
of USAR immediately participated in the emergency rescue
of two buildings ruins in Kalamata. Rescuers took 6-7 hours
to adopt the horizontal penetration in order to contact with
a trapped person located 3-4 m away from the facade [11]. In
the 1999 Ji-Ji Earthquake in Taiwan, China, 309 rescuers of
USAR have been assigned to the site of the collapsed
building. As to the collapsed Dong-Xing building that buried
100 people, the rescuers of USAR carried out rescue work
based on the rescue standards and guidelines. After 7 days,
only 27 people were rescued [12]. In the 2008 China
Wenchuan Ms 8.0 earthquake rescue process, the rescuers of
China USAR carried out rescue work on a hotel building that
buried 10 people. There are several aftershocks during the
rescue process. The rescuers adopted the conservative layer
stripping method to carry out this rescue according to
“INSARAG.” Although 5 people were rescued after 3 days,
the rescue speed was still slowed down [13]. According to the
abovementioned rescue cases, USAR is particularly time-
consuming and technically demanding because operations
are spread over very large, often densely populated areas,
with structural complications related to the interlocking of
buildings in older and most vulnerable city centers. To this
end, Hitomi MURAKAMI analyzed 1900 search and rescue
cases of the 1995 Hanshin-Awaji earthquake, which illus-
trated that the success rate of earthquake emergency rescue
is closely related to USAR professional equipment, technical
capabilities, and safety evaluation experiences [14]. Kore-
sawa analyzed the search and rescue operations following
the great east Japan earthquake, which demonstrated the
rescuers of USAR lacked experience in safety assessment of
building ruins and effective rescue equipment [15]. The 2023
Turkey 7.8 Ms earthquake has directly caused 42310 deaths.
USAR teams from 66 countries have arrived in Turkey to
carry out rescue work [16]. There were many strong after-
shocks, which caused great difficulties for earthquake rescue.
Meanwhile, it was snowing, which caused a great threat to
the trapped people under the building ruins. Although
rescuers from various countries have rescued many survi-
vors, many trapped people have not been rescued. Thus, the
scientific and effective safety assessment of building ruins
still poses a challenge to the rescue due to the poor rescue
environment [17]. On the whole, USAR in many countries
has established corresponding earthquake rescue standards
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and guidelines. However, there is still room for improve-
ment, especially, the safety evaluation methods in the above
rescue standards and guidelines of USAR are primarily based
on the experience of seismic rescue and structural engi-
neering experts. Therefore, the theoretical studies on the
safety evaluation of life-saving passages in building ruins to
improve the earthquake rescue efficiency are essential.
Presently, researchers, both domestically and in-
ternationally, mainly focus on safety evaluation manage-
ment and the expert system construction of building ruins.
For instance, in 2013, Wang [18] highlighted that most
building ruins are temporarily stable and that various
possible situations may cause the building ruins’ instability
during the rescue process. Thus, preventive measures should
be taken, and a comprehensive management system for the
safety evaluation of building ruins has been established. In
2015, Liu [19] launched research on the expert system for the
safety evaluation of building ruins, completed the pre-
liminary design of the expert system of safety evaluation, and
demonstrated the safety evaluation of building ruins in the
actual rescue case. To evaluate the safety of building ruins,
seismic rescue experts in China usually refer to “Dangerous
Building Appraisal Standards” (JGJ125-99 2004) [20] and
“Earthquake Site Work Part II: Building Safety Appraisal”
(GB18208.2 2001) [21]. Additionally, a systematic review of
prediction methods for emergency management and seismic
vulnerability assessment methodologies were published
[22, 23]. However, the above standards only divide the
damage level of collapsed buildings, but the impact factors of
the construction of life-saving passages in building ruins are
not considered, for example, the influence of aftershocks on
the safety of the life-saving passages. It is widely known that
the biggest safety hazard is the aftershock at the earthquake
rescue site [24]. The main reason is that the arrival time of
the aftershock cannot be predicted, causing rescuers to al-
ways face the threat of aftershock when they enter the
building ruins to rescue trapped people. Simultaneously,
rescue techniques (such as shoring, removal, and de-
molition) are usually used to construct life-saving passages
in building ruins as safety paths [25, 26]. Thus, the safety
evaluation of life-saving passages is particularly important,
which is one of the critical factors for the success or failure of
an earthquake emergency rescue. The different approaches,
such as earthquake rescue site, the virtual ruins scenes, need
to be elaborated in order to evaluate the safety of life-saving
passage in building ruins. The safety of life-saving passage at
the seismic rescue site is usually evaluated according to
relevant specifications and experience of rescue experts.
Simultaneously, there are few relevant on-site records and
literature due to the emergency rescue time at the earth-
quake site. The virtual scenes of building ruins have been
constructed at home and abroad to improve the rescue
ability and enhance rescue experience of rescue teams. For
example, Miami Emergency Rescue Center of the
United States spent 400 million dollars to build a simulation
training building ruins [27]. The Russian “179” training base
set up a scene of building ruins of urban search and rescue
training with a total investment of $15. In 1999, a simulation
training scene of earthquake ruins was built in the Singapore
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Civil Defense Academy of Civil Buildings [28]. In 2000, four
typical building ruins were built in USAR training center in
China, such as, pancake-type building ruins, incline-type
building ruins, small space-type building ruins, and V-type
building ruins [29]. The rescue trainers can construct and
evaluate the life-saving passage in the abovementioned
building ruins by observing the displacement changes of the
key measuring points in the building ruins [30]. However,
the virtual ruins scenes have many problems, such as high
cost, small quantity, single form, etc., which leads to the
ineffective and adequate implementation of training drills
for the construction and evaluation of life-saving passage.
The method of numerical simulation is currently adopted to
solve strongly nonlinear dynamic response problem, which
involves to the simulation of building collapse and ruins
under the action of earthquake [31-33]. However, the nu-
merical simulation method of life-saving passage in building
ruins is rarely studied by researchers. The reason is that few
investigators pay attention to the secondary collapse of
building ruins, additionally, the dynamic response analysis
of building ruins under the aftershock is and also a difficulty.
However, some finite element software can provide restart
analysis to solve the abovementioned problem, for example,
the full-restart fiction of LS-DYNA program [34]. The
construction and evaluation of life-saving passage in
building ruins cannot be separated from rescue technology
including the removal, shoring, uplift, and breach rescue
technology according to “INSARAG International Search
and Rescue Guide” [8]. Specially, shoring rescue technology
can protect building ruins from secondary collapse to
a certain extent during the process of construction of life-
saving passage [35-37]. In addition, the safety assessment of
the life-saving passage is realized through the early warning
of the crack change of the wood shoring, the crushing of
surface, the abnormal sound, etc. [38-40]. Currently, the
numerical simulation of using shoring technology to con-
struct life-saving passage has hardly been investigated.
Moreover, there is a lack of the bearing capacity test of wood
shoring in China. In summary, theoretical studies on the
safety evaluation of life-saving passage in building debris
remain underexplored locally and internationally. Hence,
this paper aims to study the safety evaluation of life-saving
passages using numerical simulation method, considering
the needs of the earthquake rescue process.

The main purpose of the safety evaluation of the life-
saving passages in building ruins is to evaluate whether
secondary collapse will happen to the life-saving passage
under the action of aftershocks. Thus, studies on
obtaining the evaluation indicator and the numerical
simulation method for the secondary collapse of the life-
saving passage are imperative. Subsequently, a reasonable
and scientific evaluation indicator of the secondary
collapse of life-saving passages will be discussed in
Section 2. In Section 3, the safety evaluation method
under aftershocks is studied using the pancake’s building
ruins as the research objective. In Section 4, the possi-
bility of the secondary collapse of life-saving passages
under the actions of aftershocks after the main earth-
quake will be analyzed.

2. The Safety Evaluation Indicator

The safety evaluation indicator of the life-saving passages in
building ruins can be selected by referring to the structural
seismic damage indicator, the domestic and foreign building
structural seismic design codes, and the monitoring in-
dicator of the damaged structure. Among these, the struc-
tural seismic damage indicator is used to evaluate the whole
process of the structure from damage to collapse under an
earthquake. For instance, Allahabadi and Powell [41] pro-
posed an improved ductility ratio as a structural damage
evaluation, and deformation beyond the elastic limit is the
leading cause of structural failure. Banon et al. [42] proposed
deformation accumulation as a safety evaluation indicator.
Gosain et al. [43] used the energy method to evaluate
structural damage and gave a simple formula for calculating
the cumulative ratio. Park et al. [44] proposed a damage
classification method divided into damage characteristics
corresponding to no damage, slight damage, moderate
damage, severe damage, and collapsed states. Roufauel and
Meyer [45] established a simple relationship between the
overall damage parameter expressed by the top deformation
and the corresponding fundamental frequency change by
structural modal parameters. The abovementioned struc-
tural seismic damage indicators can be used to evaluate
different degrees of damage. However, obtaining the above
seismic damage parameters is difficult due to the strong
nonlinear and discrete discontinuous characteristics of the
building ruins material. The structure damage limit values
are also given in the domestic and foreign building structure
design codes; for example, the Tall Buildings Initiative
(TBI)—Guidelines for Performance-Based Seismic Design
of Tall Buildings—in the US [46] gives the peak transient
story drift ratio as the criterion of structural collapse. In
addition, the “Code for Seismic Design of Building”
(GB50011-2010) in China [47] gives the limit values of the
elastic and plastic story drift ratio. The “Standard for
Anticollapse Design of Building Structures” (T/CECS 392-
2021) [48] stipulates that the structure is considered to
collapse if the vertical deformation of the structure affects
the safe usage spaces of the structure. Studies on safety
evaluation and early warning of damaged structures by
scholars domestically and abroad have established certain
reference values for the safety evaluation of life-saving
passages in building ruins. For instance, Nicola [49] uti-
lized monitoring equipment to predict landslides and used
the displacement and velocity time history of monitoring
points as safety discriminant indicators to complete early
warnings of landslides. Pratesi et al. [50] monitored the
inclination of the ancient Italian city wall caused by the
earthquake and completed a safety evaluation and early
warning of the city wall by monitoring the structural dis-
placement and velocity time history response of the wall.
A suitable and scientific safety evaluation indicator of life-
saving passages in building ruins is proposed to consider two
factors: the structural characteristics of building ruins and the
trapped people affected by the survival space in building ruins.
Building ruins are prone to vertical displacement under af-
tershocks due to the nonlinear damage characteristics of



structural ruin material, and trapped people are greatly af-
fected by vertical space. Simultaneously, it is feasible to use
vertical displacement as the evaluation indicator by referring
to the “Standard for Anticollapse Design of Building Struc-
tures” and the safety monitoring and early warning of
damaged structures. Therefore, vertical displacement was
selected as the safety evaluation indicator of life-saving
passages in building ruins. This paper considers wood
shoring as a necessary rescue technology for constructing
a life-saving passage in building ruins. For example, a 9-storey
federal building exploded in Oklahoma City on April 19, 1995
[51]. Wood shoring was placed on the first floor to prevent the
building from collapsing again, which directly impacted the
stability and safety of the life-saving passage, as shown in
Figure 1. Therefore, the safety of the life-saving passages can
be measured by the vertical deformation of the wood shoring.
Hence, it is necessary to determine the vertical deformation
capacity of wood shoring using the bearing capacity test. It is
considered unsafe if the vertical deformation (D) of the life-
saving passages exceeds the allowable deformation value (or
discrimination limit [D]) of the wood shoring itself under the
actions of aftershocks. Conversely, it is safe, as expressed in
formulas (1) and (2).

D <[D], safe, (1)

D> [D], unsafe. (2)

Eighteen double columns (DC) and nine three-
dimensional (3D) vertical bearing capacity tests of wood
shoring were designed and completed to obtain the vertical
displacement value. The loading device uses a servo-
hydraulic testing machine with a loading capacity of 50
tons and a displacement range of +300 mm. Figures 2-5
show the loading device and calculation diagram. The
loading method of the wood shoring test refers to the
“Standard for Method Testing of Timber Structures” (GB/T
50329-2012) [52], and displacement-controlled loading is
adopted with a speed of 0.05 mm/s until the wood shoring
fails completely. The compressive ultimate bearing capacity
(UBC) and ultimate vertical deformation of DC and 3D
wood shoring and mean value are shown in Table 1. The
relationship between D imae and H of DC and 3D wood
shoring is given, where Dyjimaee is the ultimate vertical
deformation of wood shoring, and H is the column height of
wood shoring, as shown in Figures 6 and 7.

Table 1 shows the BC and D values of the wood shoring.
The design value is expected to be used in the actual rescue
process. The allowable stress design method is used to de-
termine the design value, and the relationship between the
design value (F,;) and the ultimate bearing capacity (F,) is
established, as expressed in formulas (3) and (4).

F
F,=-% 3
A= F (3)
K:CdXCP’ (4)

where K is the safety coeflicient of wood shoring, C, is the
loading duration factor, and C, is the influence coefficient
considering the rescuer’s psychological factors. C; is
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Bearing beam

Wood shoring

FiGure 1: Application scenario of wood shoring in Murrah Federal
building (O’Connell [52]).
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FIGURE 2: Schematic diagram of the loading device of the axial
compression test of DC wood shoring.

determined by referring to the national design specification
for wood construction in the US [53], and the value of C; is
1.6, as shown in Table 2.

The test found that wood shoring makes a dense sound
when the deformation of the wood shoring wedge increases,
which causes serious psychological pressure on the rescuers.
The wood shoring wedge makes some dense noise when the
deformation curve reaches point B by recording the test
phenomena. Thus, point B is taken as the compressive bearing
capacity in the actual earthquake rescue, and the ratio of Fp to
the ultimate bearing capacity (F,) as the influence coefficient
C,, that is, C,=F,/Fs. Through the statistical analysis, the
relationship between Fg of wood shoring point B and F,, is
shown in Figures 8 and 9, and the following is obtained,
C,=1.96-2.32, and K=Cyx C,=1.6x(1.43~1.68) =2.3-2.7.

The allowable stress design is used to determine that the
safety factor K of wood shoring is 2.5, and the bearing
capacity of the design value is equal to the ultimate bearing
capacity divided by 2.5.

First, the type and size of the wood shoring were de-
termined to construct the life-saving passages in building
ruins, then, the ultimate vertical displacement (Dyyimate) Of
the wood shoring was determined, as shown in Figures 6 and
7, and the allowable deformation value of the wood shoring
itself [D] is determined according to the safety factor K of the
wood shoring. Finally, the discrimination limit of the sec-
ondary collapse of the life-saving passages in building ruins
is obtained, as shown in formula.
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FIGURE 3: The test device of DC wood shoring.
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FIGURE 4: Schematic diagram of the loading device of the axial
compression test of 3D wood shoring.

FIGURE 5: The test device of 3D wood shoring.

[D] =

D

ultimate

2.5

(5)

TaBLE 1: Ultimate bearing capacity, deformation, and mean value
of wood shoring deformation (bearing capacity unit: kN; de-
formation unit: mm).

No. Type DC-1 DC-2 DC-3 DC-4 DC-5 DC-6

UBC 2804 228.0 1919 1585 128.8 92.8
D uimae 1681 1565 144.8 1264 100.2 86.2

UBC 3115 276.8 2355 1731 1344 105.3

Specimen-1

Specimen-2. ) 1883 1752 159.8 1389 1124 79.5
Soecimen.3 UBC 2295 2410 2410 2424 1363 1017
P D wimae 1712 1783 149.5 1502 1102 88.5
Mean value _ BC 2698 2486 2228 1913 1332 99.9
D wimae 1758 170.0 1514 1385 107.6 84.7
No. Type 3D-1 — 3D-2 — 3D-3 —
soccimen.] UBC 3995 — 3707 — 3552 —
P D wimae 1896 — 1782 — 1706 —
Secimen.y UBC 4353 — 3507 — 3725 —
P D wimae 2003 — 1813 — 1882 —
Soecimen.3 UBC 3677 — 4070 — 385 —
p Dultimate 185.2 — 197.5 — 152.3 —
Mean value UBC 4015 — 3761 — 3521 —
D wimae 1917 — 1857 — 1704 —
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FIGURE 6: Relationship between Dyjimae and H of DC wood
shoring.

3. The Safety Evaluation of Life-Saving
Passage under Aftershock

The selection of aftershocks and their magnitudes is crucial
for the safety evaluation of life-saving passages. Thus, the
probability percentage (P;) of each aftershock magnitude
within 168 hours after the main earthquake 8.0 is counted.
The main aftershocks statistical data include the 1966-2002
China Earthquake Examples [54], 2003-2021 Official
Website of the U.S. Geological Survey [55]. The statistical
method is not described in detail, but the statistical results
are given in Table 3. First, the building ruins in the 2008
China Wenchuan magnitude 8.0 earthquake were selected as
the research objects. Then, the life-saving passage was
constructed through corresponding rescue technology, es-
pecially shoring technology. Finally, the safety of the life-
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FIGURe 7: Relationship between Dyjimate and H of 3D wood
shoring.

TasLE 2: Frequently used load duration factors C.

Load duration Cy Typical design loads
Permanent 0.9 Dead load
Ten years 1.0 Occupancy live load
Two mouths 1.15 Snow load
Seven days 1.25 Construction load
Ten minutes 1.6 Wind/earthquake load
Impact 2.0 Impact load
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FIGURE 8: The whole process of DC failure.

saving passage was evaluated. According to Table 3, the
aftershock magnitude with the greatest possibility of
amagnitude 8.0 earthquake is Ms 4.0-4.4, and the maximum
aftershock magnitude is Ms 6.4 as the evaluation magnitude.
The actual earthquake rescue [56-58] shows that the survival
rate of the trapped people within the “golden rescue
72 hours” is high. Meanwhile, many destructive earthquakes
have proved the importance of rescue within 72 hours.
However, there is still a certain chance of survival 72 hours
after the earthquake. For example, in 2008 China Wenchuan
Ms 8.0 earthquake, hundreds of trapped people were still
rescued from the building ruins after the golden rescue
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FIGURE 9: The whole process of 3D failure.

72hours [59]. In 2023 Turkey earthquake rescue, a 7-
month-old baby was rescued 136 hours after the earthquake
[60], and some trapped people were successfully rescued
150 hours after the earthquake [61]. There are many similar
examples in Turkey earthquake rescue. Therefore, this paper
not only considers the aftershock record statistics of golden
rescue 72 hours but also 72-168 hours. The selection of af-
tershocks considers two factors: the near field and the lo-
cation of the building ruins. Therefore, 28 classical near-field
ground motion records in FEMA695 Appendix A [62] and
28 Wenchuan aftershocks [63] were selected, as shown in
Tables 4 and 5.

The safety evaluation of the life-saving passage was
conducted by inputting aftershock magnitudes of 4.4 and 6.4
ground motions. The relationship between aftershock
magnitude and peak ground acceleration (PGA) was
established to simplify the calculation because the magni-
tudes of ground motion are different in Tables 4 and 5. The
approximate PGA values corresponding to different mag-
nitudes within 10km in the near field were obtained
according to the PGA attenuation relationship curve given
by Boore and Atkinson [64] and Jiang [65], as shown in
Table 6. The PGA of different aftershocks was normalized,
and then the amplitude was modulated to 0.06 g and 0.35g.

The author used LS-DYNA software to simulate the
seismic collapse of the reinforced concrete frame structure of
Xuankou middle school in Beichuan County during the 2008
Wenchuan earthquake, and the building ruins in the form of
pancake type (Xu et al.) [66], as shown in Figure 10. A 3D
wood shoring with a height of 2.1 meters was added to the
axes 15 of the key damage position in the building ruins, and
the discrimination limit of vertical displacement of sec-
ondary collapse [D]=73.2mm was obtained according to
Figure 7 and formula (5). Supposing there are trapped
people between axis 10 and 11, the section of building ruins
is obtained by cutting along axis 1-1 and taking axis 10-15, as
shown in Figure 11. The restart analysis method of
LS-DYNA software was used to change the acceleration time
history curve of the original numerical model of building
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TABLE 4: 28 near-field ground motion records in FEMA P695 Appendix A.

No. Magnitude (Ms) Year PGA (g) Earthquake Recording station

Name Name Owner
1 6.5 1979 0.44 Imperial valley-06 El Centro array #6 CDMG
2 6.5 1979 0.46 Imperial valley-06 El Centro array #7 USGS
3 6.9 1980 0.31 Irpinia, Italy-01 Sturno ENEL
4 6.5 1987 0.642 Superstition hills-02 Parachute test site USGS
5 6.9 1989 0.38 Loma prieta Saratoga-Aloha CDMG
6 6.7 1992 0.49 Erzican, Turkey Erzincan —
7 7 1992 0.63 Cape Mendocino Petrolia CDMG
8 7.3 1992 0.79 Landers Lucerne SCE
9 6.7 1994 0.87 Northridge-01 Rinaldi receiving sta. DWP
10 6.7 1994 0.73 Northridge-01 Sylmar-olive view CDMG
11 7.5 1999 0.22 Kocaeli, Turkey Izmit ERD
12 7.6 1999 0.82 Chi-Chi, Taiwan TCU065 CWB
13 7.6 1999 0.29 Chi-Chi, Taiwan TCU102 CWB
14 7.1 1999 0.52 Duzce, Turkey Duzce ERD
15 6.8 6.8 0.71 Gazli, USSR Karakyr —
16 6.5 1979 0.76 Imperial valley-06 Bonds corner USGS
17 6.5 1979 0.28 Imperial valley-06 Chihuahua UNAMUCSD
18 6.8 1985 1.18 Nahanni, Canada Sitel —
19 6.8 1985 0.45 Nahanni, Canada Site2 —
20 6.9 1989 0.64 Loma Prieta BRAN UCSC
21 6.9 1989 0.51 Loma Prieta Corralitos CDMG
22 7 1992 1.43 Cape Mendocino Cape Mendocino CDMG
23 6.7 1994 0.73 Northridge-01 LA-Sepulveda VA USGS/VA
24 6.7 1994 0.42 Northridge-01 Northridge-Saticoy USC
25 7.5 1999 0.31 Kocaeli, Turkey Yarimca KOERI
26 7.6 1999 0.56 Chi-Chi, Taiwan TCU067 CWB
27 7.6 1999 1.16 Chi-Chi, Taiwan TCU084 CWB
28 7.9 2002 0.33 Denali, Alaska TAPS pump sta. #10 CWB

ruins, and the calculation process is shown in Figure 12. The
acceleration time history curve of PGA modulated to 0.06 g
and 0.35 g after normalization in Tables 6, respectively, was
input into the numerical model of building ruins, and the
vertical displacement time history (mean value) of five
monitoring points in Figure 11 was obtained, as shown in
Figures 13 and 14.

Figure 13 shows that the average maximum vertical
displacement [D,,,,] of the monitoring points of the life-
saving passage is 28 mm and 70 mm under the action of the
ground motion with PGAs of 0.06 g and 0.35g in FEMA
P695, and [Dyay] < [D] =72.5mm, which passes the safety
evaluation. However, 48% of the ground motion will cause
the secondary collapse of the life-saving passage when the
PGA 1is 0.35 g, which is called the probability percentage of
secondary collapse. Figure 14 shows that the [D,,,,] of the
monitoring points of the life-saving passage is 31 mm and
71.6 mm under the action of the ground motion with PGAs
of 0.06g and 0.35g in the Wenchuan aftershock, and
[Diax] < [D] =72.5mm, which passes the safety evaluation,
and the probability of secondary collapse of the life-saving
passage is 46%.

4. Safety Evaluation of the Life-Saving
Passage under Aftershock after the
Main Earthquake

The probability percentage of the secondary collapse of the
life-saving passage under the action of aftershocks after the
main earthquake can provide a reference for the rescue
commanders at the earthquake site to quickly judge the safety
of the life-saving passage. The probability percentage (P;) of
different aftershock magnitudes after different main earth-
quake magnitudes according to Table 3, under this condi-
tional probability, the collapse possibility (P) of the life-saving
passage can be calculated under the action of aftershocks. The
magnitude range of the main earthquake is divided into
6.0-6.4, 6.5-6.9, 7.0-7.4, and >7.5. The rescue time section
(aftershock effect time): 0-12h, 12-24h, 24-48h, 48-72h,
72-96h, 96-120h, 120-144 h, and 144-168 h. The probability
percentage P of the secondary collapse of the life-saving
passage in the 168 h rescue section under the aftershock ef-
fect after the main earthquake is shown in formula (6).

P=(P,xP)+(P,xPy)+... (P;xP)...+(PgxPg), (6)
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TABLE 5: 28 Wenchuan aftershock.

No. Magnitude (Ms) PGA (g) Earthquake . Recording station .
Name Station code Station name

1 3.5 0.55 051AXY080514003703 Yongan, Anxian county 51AXY
2 3.6 0.48 051QCD080514012401 Qingchuan 51QCD
3 3.7 0.65 051AXY080514010102 Yongan, Anxian county 51AXY
4 3.8 0.49 051JYD080513102201 Jiangyou 51JYD
5 3.8 0.55 051LDL080513233002 Luding lengqi 51LDL
6 4 0.58 051LXM080514045001 Muka, Lixian county 51LXM
7 4.1 0.48 051JZW080512190402 Jiuzhai Wujiao 51JZW
8 42 0.61 051AXY 080514090901 Yongan, Anxian county 51AXY
9 4.2 0.63 051SMC080514080803 Asbestos Wipe 51SMC
10 43 0.56 051LDD080725045402 Luding Detuo 51LDD
11 43 0.48 051JZW080531142202 Jiuzhai Wujiao 51JZW
12 4.4 0.58 051JYD080513133601 Jiangyou 51JYD
13 4.7 0.67 051SMX080609152802 Shimian xianfeng 51SMX
14 4.7 0.66 051JZW080528013502 Jiuzhai Wujiao 51JZW
15 4.7 0.47 051SMX080609152802 Shimian Xianfeng 51SMX
16 4.8 0.56 051LDD080513105901 Luding Detuo 51LDD
17 4.9 0.58 051LDL080517041601 Luding Lengqi 51LDL
18 5.1 0.46 051AXT080514172601 Tashui, Anxian county 51AXT
19 5.1 0.50 051HSL080512144102 Heishui Shuangliu 51HSL
20 5.2 0.66 051LDD080512214003 Luding Detuo 51LDD
21 5.3 0.56 051JZW080527160302 Jiuzhai Wujiao 51JZW
22 5.3 0.66 051JZ2G080527160302 Jiuzhai Guoyuan 51J2G
23 5.5 0.60 051LDS080512150101 Luding Lengqi 51LDL
24 5.7 0.66 051JZB080527163703 Jiuzhai Baihe 51JZB
25 5.8 0.62 051JZ2G080512145403 Jiuzhai Guoyuan 51]Z2G
26 6.1 0.58 051AXT080518010802 Diban, Anxian county 51AXT
27 6.3 0.77 051DYB080512144303 Deyang Baima 51DYB
28 6.4 0.76 051JZW080512144301 Jiuzhai Wujiao 51JZW

TaBLE 6: PGA values corresponding to magnitudes (Boore [65] and Jiang [66]).

Magnitude (Ms)  4.0-4.4M (g)

4.5-4.9 (g)

50-5.4 (g)  5.5-5.9 (g)

6.0-6.4 (g) 6.5~69(g) 7.0-74(g) >7.5(g)

PGA

0.10

0.19 0.23

0.35 0.41

0.81

rl

L

FIGURE 10: Overall numerical simulation model of collapsed ruins [51].

where P is the probability percentage of the secondary
collapse of the life-saving passage in 12h, 24h, 48 h, and
72h. P; (i=1, ..., 8) is the probability percentage of after-
shocks of magnitudes 4.0-4.4, 4.5-4.9, 5.0-5.4, 5.5-5.9,
6.0-6.4, 6.4-6.9, 6.5-6.9, 7.0-7.4, and >7.5 within 168 h (as
shown in Table 3). P/’ (i=1, ..., 8) is the probability per-
centage of the secondary collapse of the life-saving passage
under the action of the aftershocks of magnitude 4.0-4.4,
4.5-4.9, 5.0-5.4, 5.5-5.9, 6.0-6.4, 6.4-6.9, 7.0-7.4, and >7.5
within 168 h.

4.1. Safety Evaluation of Life-Saving Passage under FEMA
P695 Ground Motion. The peak ground acceleration of the
28 ground motion records in FEMAP695 in Table 4 was
modulated to 0.18¢g, 0.22g, 0.25g, 0.41g, 0.69g, and 0.81 g
when input into the numerical model of the life-saving
passage, respectively. The vertical displacement time his-
tory of the life-saving passage monitoring points was cal-
culated, as shown in Figure 15.

Figures 15(a)-15(f) show the vertical displacement time
history of the key measuring points of life-saving passage
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FiGURE 11: Section of the numerical simulation model of collapsed ruins [51].

Numerical simulation of building debris

!

Generate D3DUMP file and execute DESTART, 2

*Change curve  |—»

Simple restart analysis

'

Solve

!

Output vertical displacement time
history of monitoring points

FiGURE 12: Restart calculation flow chart in LS-DYNA software.

includes steady descent (O-A), fast descent (A-B), and steady
descent (C-D), accompanied by slight fluctuations under
different PGA aftershocks, as shown in Figure 16. Addi-
tionally, there is a certain inflection point (A, B, and C) on
the time history of vertical displacement curve. This in-
flection point can be used as an early warning point for
secondary collapse of the life-saving passage under the ac-
tion of aftershocks, which can refer to the literature on fire
rescue and early warning [67-69]. The vertical displacement
of the measuring points of life-saving passage increases
nonlinearly with the increase of PGA value from 0.10g to
0.81g. The secondary collapse of the life-saving passage
caused by different PGA aftershock is related to the rescue
safety evaluation. However, it is usually difficult to predict
the randomness of aftershocks after the main earthquake.
Therefore, it is very valuable for the earthquake on-site
rescuers to quickly evaluate the safety of the life-saving
passage by considering the probability of aftershocks after
the main earthquake. The probability percentage p’ of the

secondary collapse of the life-saving passage under the ac-
tions of different PGA aftershocks and the probability
percentage p' of the secondary collapse of the life-saving
passage is shown in Table 7.

The probability percentage (P) of the secondary collapse
of the life-saving passage in rescue time of 0-12h, 12-24h,
24-48h, 48-72h, 72-96h, 96-120h, 120-144h, and
144-168 h under the action of FEMA P695 ground motion
are calculated when the magnitude of the main earthquake is
6.0-6.4, 6.5-6.9, 7.0-7.4, and >7.5, respectively, as shown in
Table 8 and Figure 17.

The characteristics of the possibility of secondary col-
lapse of the life-saving passage under ground motion in
FEMA P695: the possibility of the secondary collapse of the
life-saving passage increases with the increase of the mag-
nitude of the main earthquake; the possibility of the sec-
ondary collapse of the life-saving passage increases
exponentially with the increase of rescue time within “72-
hour gold rescue,” and the growth is slow after 72 hours
when the magnitude of the main earthquake reaches above
7.4; the possibility of the secondary collapse of the life-saving
passage increases linearly with the increase of rescue time
when the magnitude of the main earthquake is 7.0-7.4; and
the possibility of the secondary collapse increases slowly
with the increase of the rescue time when the magnitude of
the main earthquake is 6.0-6.9. The probability percentage
(P) of the life-saving passage is between 3.87% and 8.27%
when the magnitude of the main earthquake is 6.0-6.4; the P
of the life-saving passage is between 6.12% and 10.58% when
the magnitude of the main earthquake is 6.5-6.9; the P of the
life-saving passage is between 17.58% and 37.71% when the
magnitude of the main earthquake is 7.0-7.4; and the P of
the life-saving passage is between 39.24% and 74.94% when
the magnitude of the main earthquake is >7.4.

4.2. The Safety Evaluation of Life-Saving Passage under
Wenchuan Aftershock. The peak ground acceleration of the
28 ground motion records in Wenchuan aftershock in Ta-
ble 5 was modulated to 0.18g, 0.22¢g, 0.25¢g, 0.41 g, 0.69¢g,
and 0.81 g when input into the numerical model of the life-
saving passage, respectively. The vertical displacement time
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FiGure 13: The vertical displacement time history of monitoring points under 28 ground motion (FEMA P695). (a) PGA 0.06 g. (b) PGA
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FIGURE 14: Vertical displacement time history of monitoring points under 28 ground motions (Wenchuan aftershocks). (a) PGA 0.06 g. (b)

PGA 0.35g.

history of the life-saving passage monitoring points was
calculated, as shown in Figure 18.

Figure 18 is similar to Figure 15 in the vertical dis-
placement time history of the key measuring points of life-
saving passage, which is not to be repeated. Figure 18 shows
the probability percentage p' of the secondary collapse of the
life-saving passage under the actions of different PGA af-
tershocks and the probability percentage p' of the secondary
collapse of the life-saving passage, as shown in Table 9.

The probability percentage (P) of the secondary collapse
of the life-saving passage in rescue time of 0-12h, 12-24h,
24-48h, 48-72h, 72-96h, 96-120h, 120-144h, and
144-168 h under the action of FEMA P695 ground motion
are calculated when the magnitude of main earthquake is
6.0-6.4, 6.5-6.9, 7.0-7.4, and >7.5, respectively, as shown in
Table 10 and Figure 19.

The characteristics of the possibility of secondary col-
lapse of the life-saving passage under ground motion in
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FIGURE 15: The vertical displacement time history of monitoring points under 28 ground motions (FEMA P695). (a) PGA 0.10g. (b) PGA
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TaBLE 7: The probability percentage p’ (%) of the secondary collapse of the life-saving passage.
Aftershock 4.0-4.4 4.5-4.9 5.0-5.4 5.5-5.9 6.0-6.4 6.5-6.9 7.0-7.4 >7.5
P 0 0 7.14 21.4 35.7 42.8 71.4 82.1

TaBLE 8: The probability percentage P (%) of the secondary collapse of the life-saving passage under aftershock after the main earthquake

within 168 h rescue time.

Main earthquake magnitude

Rescue time

<12H <24H <48 H <72H <96 H <120H <144 H <168 H
6.0-6.4 3.87 5.08 6.53 6.98 6.98 7.66 7.81 8.27
6.5-6.9 6.12 7.99 8.66 9.17 10.32 10.32 10.58 10.58
7.0-7.4 17.58 17.58 23.45 28.79 29.81 29.81 32.87 37.71
>7.5 39.24 60.15 64.73 74.94 74.94 74.94 74.94 74.94
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—o— Main earthquake magnitude 6.0-6.4
—m— Main earthquake magnitude 6.5-6.9
—a— Main earthquake magnitude 7.0-7.4
—%— Main earthquake magnitude >7.5

F1GURE 17: The probability percentage P (%) of the secondary collapse of the life-saving passage under aftershock after the main earthquake

within 168 h rescue time.

Wenchuan aftershocks: the possibility of the secondary
collapse of the life-saving passage increases with the increase
of the magnitude of the main earthquake; the possibility of
the secondary collapse of the life-saving passage increases
exponentially with the increase of rescue time within “72-
hour gold rescue,” and the growth is slow after 72hours
when the magnitude of the main earthquake reaches above
7.4; the possibility of the secondary collapse of the life-saving
passage increases linearly with the increase of rescue time

when the magnitude of the main earthquake is 7.0-7.4; and
the possibility of the secondary collapse increases slowly
with the increase of the rescue time when the magnitude of
the main earthquake is 6.0-6.9. The probability percentage
(P) of the life-saving passage is between 4.85% and 9.79%
when the magnitude of the main earthquake is 6.0-6.4; the P
of the life-saving passage is between 6.88% and 12.35% when
the magnitude of the main earthquake is 6.5-6.9; the P of the
life-saving passage is between 21.14% and 44.85% when the
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FIGURE 18: The vertical displacement time history of monitoring points under 28 ground motions (Wenchuan aftershocks). (a) PGA 0.10 g.
(b) PGA 0.19g. (c) PGA 0.23g. (d) PGA 0.41g. () PGA 0.69g. (f) PGA 0.8 g.
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TaBLE 9: The probability percentage p’ (%) of the secondary collapse of the life-saving passage.

Aftershock 4.0-4.4 4.5-4.9
P 0 0

5.0-54
10.7

5.5-5.9
214

6.0-6.4
35.7

6.5-6.9
57.1

7.0-7.4
71.4

>7.5
85.7

TasBLE 10: The probability percentage P (%) of the secondary collapse of the life-saving passage under aftershocks after the main earthquake
within 168 h rescue time.

. . Rescue time
Main earthquake magnitude

<I2H <24 H <48 H <72H <96 H <120H <144 H <168 H
6.0-6.4 3.87 5.08 6.53 6.98 6.98 7.66 7.81 8.27
6.5-6.9 6.12 7.99 8.66 9.17 10.32 10.32 10.58 10.58
7.0-7.4 17.58 17.58 23.45 28.79 29.81 29.81 32.87 37.71
>7.5 39.24 60.15 64.73 74.94 74.94 74.94 74.94 74.94
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- ¢~ Main earthquake magnitude 6.0-6.4
-m- Main earthquake magnitude 6.5-6.9
-A- Main earthquake magnitude 7.0-7.4
-x- Main earthquake magnitude >7.5

FIGURE 19: The probability percentage P (%) of the secondary collapse of the life-saving passage under aftershocks after the main earthquake
within 168 h rescue time.

magnitude of the main earthquake is 7.0-7.4; and the P of
the life-saving passage is between 42.83% and 80.56% when
the magnitude of the main earthquake is >7.4.

Figures 16 and 18 are placed in the same coordinate
system, as shown in Figure 20. The difference in the

probability percentage (P) of the secondary collapse is
mainly affected by the probability percentage (P;) of different
aftershock magnitudes after the main earthquake. The
probability percentage (P) of the secondary collapse shows
a linear growth trend in the rescue time section when the

probability percentage (P) of the secondary collapse of the
life-saving passage is within 5% under the action of FEMA
P695 and Wenchuan aftershocks. The selection of after-
shocks has a minimal impact on secondary collapse. The
change trend in the probability percentage (P) of the sec-
ondary collapse is almost the same for the two kinds of
earthquakes with the rescue time. The trend of the

magnitude of the main earthquake is 7.0-7.4. The probability
percentage (P) of the secondary collapse of the life-saving
passage is almost unchanged when the magnitude of the
main earthquake is >7.5 and after a 60-hour rescue time. It is
recommended to refer to the safety factor K given in this
paper if wood shoring is used to construct life-saving pas-
sages when the magnitude of the main earthquake is 6.0-7.4.
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FIGURE 20: The probability percentage P (%) of the secondary
collapse of the life-saving passage under aftershock after the main
earthquake within 168 h rescue time.

It is also recommended to increase the safety factor K ap-
propriately if wood shoring is used to construct life-saving
passages when the magnitude of the main earthquake is >7.5.

5. Conclusions and Prospects

5.1. Conclusions. The safety evaluation method of saving-life
passage in building ruins is studied in the rescue process. The
safety evaluation indicator is proposed, which conforms to
the construction characteristics of the building ruins and the
life-saving passage. The method of safety evaluation of the
life-saving passage in the building ruins is elaborated. The
possibility of the second collapse of the life-saving passage is
calculated under the aftershocks in different rescue time
sections after the main earthquake. The main conclusions
are as follows:

(1) Considering the characteristics of building ruins and
the size of the living space of the trapped, the vertical
displacement is proposed as an evaluation indicator
of life-saving passage. Wood shoring is a necessary
rescue technology to construct a life-saving passage
in building ruins; therefore, the vertical displacement
of wood shoring is considered the limit value of the
safety evaluation indicator.

(2) The ultimate vertical deformation (Dyjimate) Of the
rescue wood shoring is obtained through the com-
pression bearing capacity test. The allowable stress
design is used to determine that the safety factor K of
wood shoring is 2.5. The allowable vertical de-
formation [D] value of life-saving passage is Dyjtimate
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divided by 2.5. It is considered unsafe if the vertical
deformation (D) of the life-saving passages exceeds
[D] under the actions of aftershocks.

(3) The selection of aftershocks has a minimal impact on
secondary collapse of the life-saving passage. The
change trend in the probability percentage (P) of the
secondary collapse is almost the same for the two
kinds of earthquakes with the rescue time. The trend
of the probability percentage (P) of the secondary
collapse is mainly affected by the probability per-
centage (P;) of different aftershock magnitudes after
the main earthquake.

(4) The probability percentage (P) of the secondary
collapse shows a linear growth trend in the rescue
time section when the magnitude of the main
earthquake is 7.0-7.4. The probability percentage (P)
of the secondary collapse of the life-saving passage is
almost unchanged when the magnitude of the main
earthquake is >7.5 and after a 60-hour rescue time.

(5) The possibility of the secondary collapse of the life-
saving passage increases exponentially with the in-
crease of rescue time within “72-hour gold rescue,”
and the growth is slow after 72hours when the
magnitude of the main earthquake reaches above 7.4;
the possibility of the secondary collapse of the life-
saving passage increases linearly with the increase of
rescue time when the magnitude of the main
earthquake is 7.0-7.4; and the possibility of the
secondary collapse increases slowly with the increase
of the rescue time when the magnitude of the main
earthquake is 6.0-6.9.

(6) It is recommended to refer to the safety factor K
given in this paper if wood shoring is used to
construct life-saving passages when the magnitude of
the main earthquake is 6.0-7.4. It is also recom-
mended to increase the safety factor K appropriately
if wood shoring is used to construct life-saving
passages when the magnitude of the main earth-
quake is >7.5 during actual earthquake rescue
process.

5.2. Prospects. 'The theoretical research on the safety eval-
uation of life-saving passage in building ruins under af-
tershocks is just at the beginning stage at home and abroad.
This paper puts forward a research prospects for further
study as follows:

(1) This paper proposes a method to evaluate the safety
of life-saving passage in building ruins by the ap-
proach of numerical simulation, which can provide
ideas for the follow-up research. Specially, the safety
evaluation indicators need further investigation.

(2) This paper takes the pancake building ruins as the
research object, actually, there are the incline-type
building ruins, small space-type building ruins and
V-type building ruins, and suspended-type building
ruins in earthquake sites. The follow-up work can
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focus on the safety evaluation of different types of
building ruins under the action of aftershock.

(3) The influence of different ground motions on the
secondary collapse of the life-saving passage in
building ruins can be further investigated.

(4) Researchers can further study the change rule of the
vertical displacement of the life-saving passage in
building ruins under the aftershock, which can
provide theoretical support for the early warning
method for the secondary collapse of building ruins.
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