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Abstract

The progressive collapse of the structure caused by the partial failure of the structure
will cause severe consequences and massive losses, and structural progressive collapse
resistance has always been a hot topic of current research. In order to study the pro-
gressive collapse mechanism of base-isolated structures, the test study and numerical
simulation of the base-isolated structures were carried out based on the vertical Pusho-
ver method and analysis of the variation rule of the capacity of the remaining structure
and influence mechanism. The isolation bearing failure position, the size of the beam of
the seismic isolation layer, the type of the isolation bearing, and the horizontal stiffness
of the seismic isolation layer on the capacity of the remaining structure were compared
and analyzed. The results show that the non-uniformity of the beams and the concen-
trated loading at the nodes were easy to form a linear catenary mechanism, resulting

in more severe beam end damage than mid-span damage. In the case of side isolation
bearing failure, due to the lack of sufficient lateral restraint, the capacity was signifi-
cantly lower than other conditions, which were more likely to cause partly collapse.
Therefore, setting more transfer paths to improve the structure’s resistance to progres-
sive collapses was necessary. Increasing the size of the beam of the seismic isolation
layer could improve the capacity of the remaining structure of the alternate load path
in the base-isolated structure. The changes in the horizontal stiffness of the seismic
isolation layer and the type of the isolation bearing have little effect on the progressive
collapse resistance capacity of the remaining structure.

Keywords: Base-isolated structure, Pushdown analysis, Model test, Progressive
collapse, Remaining structure

Introduction

Progressive collapse means that under the action of accidental loads such as terrorist
attacks, fires, and vehicle impacts, the local damage to the structure causes a chain reac-
tion and then causes damage to other parts of the structure, resulting in the collapse of
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the overall structure. Structural collapse accidents cause heavy casualties and property
losses, so the progressive collapse of structures [1-3] has always been a hot issue in cur-
rent research.!

The progressive collapse analysis of the reinforced concrete (RC) structure was based
mainly on a threat-independent alternative path. Local failure that may lead to the
progressive collapse of the structure was simulated by removing critical load-bearing
members [4-7]. Existing studies on the progressive collapse of the RC frame structure
mainly focus on theoretical analysis, experimental studies, and numerical simulation of
substructures [8—13]. In terms of theoretical research. Amiri et al. [14] considered the
effect of the existing structural capacity on the DIF value of the RC structure. Jiang et al.
[15] proposed an improved configurational fragility theory, which considered the joints
from the rigid transition connection to the hinge. Azim et al. [16] analyzed the factors
affecting the progressive collapse resistance of the RC frame structure and compiled and
presented the experimental collapse results. According to Feng [17] based on the redun-
dancy assessment of aging reliability in corroded RC, the frame structure was quantita-
tively analyzed. In terms of experimental research and numerical simulation, Lu et al.
[18] and Yu et al. [19] explored column removal tests on the reinforced concrete beam-
slab substructure model and found that the beam-slab structure resisted the beam-slab
arching mechanism and bending mechanism in small deformations, while resisted col-
lapse through beam-slab catenary effect and tensile film effect on large deformation. Ma
et al. [20] designed the column demolition test of the 1/3 scale reinforced concrete slab
column structure, and the model showed punching shear failure mode and resisted pro-
gressive collapse through the tensile film effect of the slab. Qian et al. [21] numerically
studied the behavior of post-tensioned PC structures against progressive collapse. Deng
et al. [22] conducted 6 tests on the RC frame with high strength concrete strength and
found that using high-strength concrete could further improve the compression arch
effect, reducing the catenary affect capacity. Wang et al. [23] designed four beam-col-
umn substructures and found that the beam-slab effect cannot be ignored. Liu et al. [24]
discussed an experimental and numerical study on the progressive collapse of a prefab-
ricated reinforced concrete frame. They found that the collapse resistance contribution
rate of the prefabricated monolithic specimen was lower than that of the cast-in-place
comparison specimen.

Compared to the traditional seismic structure, the base-isolated structure could signif-
icantly reduce the seismic response of the building by setting the seismic isolation bear-
ing on the foundation to form a seismic isolation layer, prolonging the structure period.
At the same time, because the seismic isolation layer had a weak restraint capacity on
the superstructure, it was inevitable to cause a significant difference from the traditional
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seismic buildings. It was necessary to conduct relevant research on the progressive col-
lapse of the base-isolated structure under accidental loads. Tavakoli et al. [25] conducted
a nonlinear static analysis on the base-isolated structure to analyze the structure’s pro-
gressive collapse resistance collapse ability. It was found that the isolation system did
not play an influential role in improving the structure’s collapse resistance but did not
enhance the anti-collapse ability of the base-isolated structure. Huang et al. [26] based
on the introduction of a seismic damage model of isolators, a reliability analysis of base-
isolated frame-wall structures was conducted using the global reliability method and the
performance of progressive collapse resistance and structural seismic damage can be
acquired. Yang et al. [27] study the progressive collapse performance of the base-isolated
frames supported by stepped foundation in mountainous areas under two-directional
coupled dynamic excitation and advised the design of progressive collapse of the frame
structure of the base-isolated frames supported by stepped foundation in mountainous
areas. The mechanism and influencing factors of progressive collapse resistance have not
been studied. This paper used the base-isolated structure’s nonlinear static Pushdown
analysis method to conduct the test research and the finite element analysis verification
of its capacity and the collapse mechanism. The influence of the isolation bearing failure
position, the size of the beam of seismic isolation layer, the type of isolation bearing, and
the isolation bearing stiffness on the collapse mechanism of the base-isolated structure
were compared and analyzed.

Methods

Pushdown analysis methods for base-isolated structure

Pushdown analysis used the pushover analysis method to analyze the progressive ver-
tical collapse of structures. Pushover analysis, namely the nonlinear static analysis
method, was a method to evaluate existing structures and design new structures based
on performance, mainly used to evaluate the seismic performance of structures. Pusho-
ver analysis focuses mainly on the lateral collapse of structures, while pushdown analysis
focuses on the vertical collapse of structures. In pushdown analysis, there were two ver-
tical loading modes: full-span and damaged loading, mainly divided into force loading
and displacement loading. The full-span load refers to the vertical load of the structure,
which increases uniformly in each span. In the failure span loading, only the increase of
the failure span caused by the failure beam element was considered, while the vertical
load of other unaffected spans remains unchanged. This paper adopted the Pushdown
analysis method of damaging cross-loading proposed by Khandelwal et al. [28] for analy-
sis. Increasing loads were applied to the initial buckling region, and gravity loads were
applied to the entire region. Pushdown analysis based on displacement control was used,
as depicted in Fig. 1.

Testing model design

In this study, a student dormitory building is used as a prototype for the experimen-
tal model design. The project is a reinforced concrete frame structure with a total
of 6 floors. The height of each floor is 3.30m, and the total height is 19.30m. Cat-
egory C building, seismic fortification intensity of 8°, basic seismic acceleration 0.3g,
design earthquake group 2, and site characteristic period 0.4s. The testing model
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Bearing failure 5 4

Fig. 1 Pushdown analysis
Table 1 Parameters of isolation bearing
Project Parameters Project Parameters
Product outer diameter (mm) 100 Height (mm) 53
The thickness of the protective layer (mm) 5 First shape factor S1 15.0
Rubber outer diameter (mm) 90 Second shape factor S2 5.0
Lead diameter (mm) 15 Reference surface pressure 10
The thickness of each layer of rubber (mm) 15 Vertical stiffness (kN/mm) 152.3
Number of rubber layers 12 Yield force (kN) 1.409
The thickness of each layer of steel plate (mm) 1 Stiffness after yielding 100% 0.139
Number of layers of thin steel plate 11 Equivalent stiffness 100% (kN/mm) 0.217
The thickness of the sealing plate (mm) 12 Equivalent damping ratio 100% 219

was composed of isolation bearings and a superstructure model. The superstructure
adopted the RC frame structure. The primary reference parameters of the frame test-
ing model of the base-isolated structure were as follows: the section size of the frame
column was 150mm x 150mm, the size of the upper frame beam was 100mm x 150mm,
and the size of the beam of the seismic isolation layer was 100mm x200mm. Moreo-
ver, the isolation bearing was selected with a diameter D 100mm lead rubber bearing
(LRB). The specific parameters of isolation bearing were demonstrated in Table 1, and
the size of the testing model is depicted in Fig. 2. By Chinese code [29], the compres-
sive strength of concrete at the age of 28 days was determined by averaging the tested
values of three 150 mmx 150mm x300mm were 25.6 MPa. The yield strength of rein-
forcing f, and the ultimate strength of reinforcement f, was determined by averaging
the tested values of three 400-mm long bars from the same batch of bars used in the
test. The yield strength of reinforcement f, was 238MPa, and the ultimate strength f,
was 319MPa.
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Fig. 3 Sensor layout and number

The layout of measuring points was one of the critical points of the model test.
According to the model and test characteristics, as well as the actual demand for
data and test equipment limitations, the response information of the whole and local
components was mainly measured. According to the overall measurement and local
measurement, the test device was designed and tested to study the progressive col-
lapse behaviors and anti-progressive collapse performance of the remaining structure
after the initial failure of the base-isolated structure.

Force and vertical displacement sensors were set at the initial failure position of the
bearing. Horizontal displacement sensors and steel bar strain sensors were arranged
at both ends of the beam of the isolation layer in the initial failure isolation bearing
section, and the deformation and crack development of the superstructure, and the
deformation of the remaining bearing were observed and recorded in the whole pro-
cess of the test. The specific layout and number of the sensors are shown in Fig. 3, in
which a, b, and c represent the force, displacement, and strain sensors, respectively.
The displacement sensor was used to monitor the displacement response during the
test, and the force sensor was used to monitor the internal force redistribution pro-

cess of the damaged structure.
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(@) Base-isolation structure (b) Isolation bearing

Fig. 4 Simulation model. a Base-isolation structure. b Isolation bearing

The finite element software ABAQUS established the finite element model of the
base-isolated structure. The perspective and plan view of the structure is presented
in Fig. 4. The beams, slabs, and columns used the hexahedral reduced solid element
C3D8R, and the steel reinforcement used the three-dimensional two-node truss
element T3D2, and the steel skeleton was embedded in the concrete through the
EMBED command. The isolation bearing was modeled with solid elements. Due to
the incompressible or almost incompressible properties of the material, the 8-node
hexahedral hybrid reduction element C3D8RH was required for the material. The
hybrid formula allowed the nodal displacement of the element to be used only to cal-
culate the deviatoric strain and deviatoric stress, and the compressive stress of the
element was determined by an additional degree of freedom, which could prevent the
problem of volume self-locking. The reduced integration could reduce the integra-
tion points and increase the calculation efficiency. The lead core was a conventional
material. In order to prevent the self-locking problem of shear force, it was recom-
mended to use the reduced integration 8-node linear hexahedron element C3D8R for
calculation. Due to the small deformation, the steel could use the 8-node hexahedral
incompatible element C3D8I to prevent the shearing cut self-locking problem. The
superstructure was connected to the isolation bearing by a Tie connection. The mesh
size of the finite element model is determined according to the experimental model
mesh division suggestions. The concrete mesh size is 50mm, the reinforcement mesh
size is 60mm, and the steel plate and rubber mesh size in the isolation bearing are the
same, which is 50mm. The lead core grid size is 30mm, and the grid sensitivity analy-
sis is carried out. The impact of the grid on the results is acceptable.

Because the concrete was cast-in-place, the merge command was used in the
numerical model to perform Boolean operations on the concrete elements to form a
whole. Reinforcement was embedded into the concrete using the EMBED command
without considering the bond slip between reinforced concrete. The mesh sizes of
reinforcement and concrete elements were adjusted according to the model by trial
calculation. The constraints in the direction of U1 and U2 were set on the failure col-
umn, and the failure column only shifted up and down the direction of U3 in the load-
ing process. The model adopts the fixed constraint mode at the bottom of the column
instead of the ground anchor action in the test. In the numerical simulation, displace-
ment control was used to load the structure, and coupling reference points were set
on the failure cylinders to ensure the convergence of the model.
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Results and discussion

Overall collapse and failure mode
To verify the rationality and reliability of the selected structural elements and the finite

element parameters in the finite element model, test analysis and ABAQUS finite ele-
ment model simulation analysis of a single frame were carried out, respectively. The test-
ing model is shown in Fig. 5.

From the vertical pushover diagram of test and simulation in Fig. 6, it could be
observed that during the whole collapse process, from the beginning of loading to the

Page 7 of 23
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(b) FEM

Fig. 7 Comparisons of failure modes between test and FEM results

complete failure of the structure, both the testing model and the finite element model
went through the ascending section to reach the same ultimate capacity. The con-
crete cracked, the capacity of the remaining structure decreased sharply to a specific
value and then went through the transition stage, and finally, the reinforcement frac-
ture structure failed. With the gradual improvement of structural nonlinearity, due
to the difference between the testing model and finite element model in constitutive
and boundary constraints, static loading reinforcement bar stress remains unchanged
until the reinforcement stage and the difference between the two rises. With the
increasing vertical displacement of the failed column, the stiffness of the frame struc-
ture was further decreased.

By comparing the testing structure and the simulated tensile damage condition in
Fig. 7, the deformation of the adjacent span beam-column members was observed,
and apparent cracks appeared in the members. However, the in-plane tilt phenom-
enon appeared in the adjacent span at the end of loading, indicating that the seis-
mic isolation and the timely release of the reaction force from the layer could play a
specific protective role on the adjacent span internal members, but there was a risk
of causing the remaining structure to tilt or even overturn. From the failure mode
of the whole testing model, the final failure of the structure was more similar to the
“brittle failure” mode of the less reinforced beam. The main reason for this failure
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Fig. 8 Surface strain of concrete at beam end

mode was that the concentrated loading at the joint was easy to form a linear catenary
mechanism, resulting in more severe damage at the beam end than at the middle of
the beam span. The beam end would be damaged when the load increased to a certain
extent.

Remaining structural strain

The strain curve of the concrete surface at the end of the beam could be seen in Fig. 8
that individual strain data are discrete. The main reason was that the location of con-
crete cracks was uncertain. However, the strain curve of concrete at the end of the beam
generally was confirmed to the law of concrete strain variation and can reflect the inter-
nal force at the end of the member. The change of surface strain of concrete was also
related to the response of the remaining structure. Various strain curves in Fig. 8 shows
a sudden change of strain values in different degrees in the range of vertical displace-
ment from 29.50 to 45.50mm. Combining with the relationship curve in Fig. 6, it could
be found that the structure has completed the transformation from beam mechanism to
catenary mechanism in this vertical displacement range. During this process, the sudden
release of external loads and the sudden decrease of internal forces caused a significant
change of strain at the end of the beam.

Displacement and damage of the isolation bearing
The displacement condition of the isolation bearing in the test and simulation was

extracted and tested. Figure 9 was a comparison diagram of the displacement derived
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from the isolation bearing tested and the finite element analysis. Figures 10 and 11 were
the isolation bearing test and finite element analysis deformation diagram.

It was found that the stiffness of the upper structure was much greater than that of
isolation bearings. The relative displacement between the isolation bearings was mini-
mal and could be ignored. The isolation bearings on both sides of the failed isolation
bearings were extracted for comparison. The changing trend of the isolation bearing
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Fig. 12 Internal failure diagram of the bearing

displacement was the same, the maximum displacement of the isolation bearing was
similar, and the difference was only 3mm. The simulated isolation bearings had the
same shape and size, solid elements simulated the isolation bearing, and the constitu-
tive adopted the constitutive relationship obtained from the experiment. So, the use of
solid elements to simulate isolation bearings had good applicability, as shown in Fig. 11.
It can be seen from the results of the finite element model and the experimental model
that the finite element model could well reflect the progressive collapse of isolation bear-
ing capacity and collapse mechanism of the base-isolated structure and could reveal the
mechanism of progressive collapse. Therefore, the finite element model had particular
applicability and accuracy.

The failure condition of the adjacent isolation bearings under the failure condition
of the center column isolation bearing was extracted in Fig. 12, and the internal fail-
ure condition of the lead core isolation bearing was analyzed. It could be seen from the
simulation process that as the vertical displacement of the center column increased, the
isolation bearing was affected by the horizontal thrust of the beam of the seismic isola-
tion layer, and the local stress of the isolation bearing became larger and larger, and the
stress on the left and right half of the isolation bearing was differentiated. The stress at
the end near the failed isolation bearing increases gradually. The stress at the end away
from the failed isolation bearing with little change, the lead-core isolation bearing under
uneven compression, with the increase of horizontal displacement, the stress on both
sides of the adjacent isolation bearing of the failed isolation bearing would aggravate the
non-uniformity of the compressive stress distribution.

Node damage

When the test was completed, most of the concrete near the beam-column joint area
was crushed, and the structural damage mainly occurred at the beam end and the beam-
column joint areas were demonstrated in Fig. 13. With the increase of displacement, the
plastic hinge fails, and the bending moment at the beam end decreases. At this time, the
reinforcement is tensioned, the axial force in the beam provides anti-collapse bearing
capacity. However, when the components were finally destroyed, the tensile reinforce-
ment was generally constricted and fractured. The concrete in the compression area was
crushed and broken. Equivalent plastic strain clouds mapped in the finite element model
were extracted. When the maximum principal strain of the element reached ¢, ,, =0.01,
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Fig. 13 Failure modes of joint areas. a Failure of tensile reinforcement. b Failure of first-floor frame beam
joints. ¢ Failure of beam joints in the seismic isolation layer

the element failed. It could be seen from Fig. 13 that the tensile reinforcement at the
beam end was broken. The damage position of the concrete was similar to the test, and
the numerical model of a layer of frame beam end concrete crushed, seismic isolation
layer on both sides of the beam end damage was severed, a large number of unit failure,
node damage similar to test, edge beam under large deformation were apparent torsion
damage, caused unit more than the ultimate strain. The failure location of the side beam
in the test was consistent with the simulated distribution. The comparison between
numerical simulation and test failure shows that numerical simulation could well reflect

experimental phenomena.

Analysis of influencing factors of progressive collapse mechanism of base-isolated
structure

In order to further study the vertical progressive collapse mechanism and capacity of the
base-isolated structure, this paper selects four main factors that affected the progres-
sive collapse mechanism of the base-isolated structure, the failure position, the beam
height of the isolation layer, and the stiffness of the isolation layer, and the type of isola-
tion bearing was studied. Through the establishment of 24 finite element models, the
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Factors Model parameters Working model
Parameter Other parameters (failure
position)
Failure position Middle isolation bearing - Al
Side isolation bearing A2
Middle-side isolation bearing A3
The height of the beam of 100%200 Middle/side/middle-side B1-B3
isolation layer(BxH) 100% 175 B4-B6
100x 150 B7-B9
Type of isolation bearing and ~ Non-isolated Middle/side/middle-side C1-C3
isolation layer stiffness (hori- LRB100 C4-C6
zontal equivalent stiffness)
LNR100 C7-C9
LRB100 c10-C12
Horizontal equivalent stiffness
03

pushdown curve of each finite element model and the failure condition process of the
components were obtained using the pushdown analysis method. The parameters and
numbers of each model are depicted in Table 2.

Failure position analyses

In order to analyze the influence of crucial isolation bearing failure position on the struc-
ture’s resistance to progressive collapse, the working model numbers A1-A3 in Table 2
were selected for analysis.

Load-displacement curve analysis

Figure 14 shows the load-displacement curve at different failure positions. Remain-
ing structural capacity and displacement at different failure positions were extracted,
as demonstrated in Table 3. The data in the table shows that the peak capacity of the
remaining structure under the A2 working model was only 97.74kN, which had been
significantly reduced, which was only 60% of the failure case of the middle isolation
bearing, which was more likely to cause the partial collapse of the structure. The reason
for the analysis was that due to the lack of sufficient lateral restraint of the failure posi-
tion of the side isolation bearing, only the isolation bearing provides lateral restraint on
one side, resulting in a decrease in the capacity of the remaining structure and compared
with the A3 working model; the beam mechanism displacement was 18 mm; and the A3
working model was 18 mm. There was a delay in reaching the peak value of the beam
mechanism, and the peak value between the two was not much different. The peak value
of the beam mechanism of the capacity of the remaining structure under the A1 working
model was 163.6kN, slightly higher than the A3 working model. The beam mechanism of
the capacity of the remaining structure was 157.7kN. After the peak value, the capacity
of the remaining structure of the two catenary phases did not increase significantly. The
displacement of the adjacent isolation bearings at the failure position of the A1 and A3

working models was minimal, while the displacement of the A2 working model was only
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Table 3 Remaining structural capacity and displacement at different failure positions

Working Beam Beam mechanism Catenary Catenary Bearing
model mechanism displacement (mm) peak (kN) displacement displacement
peak (kN) (mm)
lJmin Umax
Al 163.6 20 109.3 142 —22 22
A2 99.7 23 - - - 5
A3 157.7 18 1124 150 —23 21

5mm, which also shows that the side span was to the collapsed span frame beam. The

axial restraint was significant, and the capacity of the remaining structure was also high.

Analysis of component failure condition during the collapse

According to GSA [30] and DoD [31] advice, if the displacement of the failed column
reached 1/5 of the single beam span, the member was considered invalid. In this study,
the synergistic effect of the beam-slab substructure under large deformation was con-
sidered, and the vertical displacement limitation was set at 160mm, which equals 1/4
of the beam span of 650mm. The specification stipulates [35] that the maximum hori-
zontal displacement of the isolation bearing under rare earthquake should not exceed
the smaller 0.55 times its effective diameter and three times the total thickness of the
layer. In the case of failure of the center column isolation bearing, the compression dam-
age was mainly concentrated on both sides of the failed column, and the horizontal dis-
placement of the side isolation bearing was the largest due to the lack of sufficient lateral
restraint of the side isolation bearing. The seismic isolation bearing was subjected to a
large horizontal displacement under the horizontal action of the beam. If the horizontal
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Fig. 15 The failure condition of the middle isolation bearing. a 6=24mm, A=10.8mm. b 6=44mm,
A=15.7mm. ¢ 5= 98mm, A=20.38mm. d 6=160mm, A=15.4mm

displacement limit of the isolation bearing was exceeded, the structure was declared to
fail.

The overall failure form of the structure was analyzed based on the failure of the mid-
dle isolation bearing. For the convenience of description, the concrete columns were
numbered from left to right as I, II, III, IV, and V. As presented in Fig. 15 (a), when the
vertical displacement of the top of the failed column § reached 24mm, the II and IV span
beams inclined slightly, and the horizontal displacement of the bearing A began to move.
The compression failure of column II and column IV beam-column joints in the beam
of the seismic isolation layer began (see Fig. 15 b). When § reached 44mm, the concrete
was crushed at both ends of the failed isolation bearing. The tensile reinforcement began
to yield, and the isolation bearing displacement was further increased (see Fig. 15 c).
When 6§ reached 98mm, the deformation of beams on both sides of the failed isolation
bearing increased, and torsional deformation occurred, and the isolation bearing dis-
placement reached the maximum. When § reached 160mm, the vertical deformation of
the Il and IV span was large, the test piece collapsed as a whole, the internal failure force
of the member was released, and the displacement of the isolation bearing was reduced.
The final failure characteristics of the test are shown in Fig. 15 (d). When the middle col-
umn isolation bearing failed, the compression damage was mainly concentrated around
the failed column, which was transmitted along the beam span, and the damage to the
diaphragm was almost negligible.

When the side isolation bearing failed, the displacement of other isolation bearings
changed little, so it would not be discussed. The fault condition of the side isolation
bearing was depicted in Fig. 16. When J reached 30mm, spans I and II inclined slightly,
and the beam-column joints on the right side of column II of the seismic isolation layer
began to be damaged by compression, as depicted in Fig. 16 (a). When § reached 93mm,
the deformation of spans I and II were obvious, part of the concrete was crushed, and
the tensile reinforcement began to yield (see Fig. 16b). When § reached 120mm, the
deformation of spans I and II increased, and the torsional deformation of spans I and II
occurred (see Fig. 16¢c). When § reached 160mm, the vertical deformation of spans I and
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Fig. 17 Failure condition of the middle-side isolation bearing. a §=20mm, A=10.67mm. b 6=51mm,
A=18.11Tmm. ¢ 5=108mm, A=21.9mm. d §=160mm, A=19.28mm

IT were large. The specimen collapsed as a whole, and the final failure characteristics of
the test are shown in Fig. 16 (d).

When the damage of the mid-span isolation bearing was similar to that of the mid-
span isolation bearing was observed in Fig. 17 (a), when § 24mm, Iand III span beams
were slightly inclined, and the displacement of the isolation bearing began to rise. The
beam-column joints of column II in the isolation layer began to be damaged by com-
pression, as shown in Fig. 17 (b). When & reached 51mm, at both ends of the isolation
bearing, the concrete was crushed, the tensile steel began to yield, and the displacement
of the isolation bearing further increased, as shown in in Fig. 17 (c). When & reached
108mm, the deformation of the beams on both sides of the failed isolation bearing
increased, torsional deformation occurred. The isolation bearing displacement reached a
maximum. When § 160mm, the vertical deformation of I and III spans were large; even-
tually, the whole collapsed.
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Stress condition analysis of bars

When the isolation bearing failed, the internal force of the superstructure would be
redistributed due to the change in position of the bottom isolation bearing. In the post-
processing, the concrete in the frame was hidden, only the complete skeleton of the steel
bar was displayed, and the stress condition of the steel bar in the remaining structure
after the failure of the isolation bearing was analyzed. When the equivalent plastic strain
of the reinforcement reached 0.1, the reinforcement element failed. Figure 18 shows the
Mises stress cloud diagram of the structural steel bar under three working conditions.
The end near the failed isolation bearing was the near beam end, and the side far from
the failed isolation bearing was the far beam end. In the Al working model, due to the
failure of the middle isolation bearing, the upper reinforcement at the far end of the
failed isolation bearing beam was broken, and the lower reinforcement near the beam
end was broken. The stress distribution was symmetrical with the mid-span symmetry
axis. At this time, the compression reinforcement in the beam was under tension. With
the gradual shrinkage and failure of the compression reinforcement, the vertical defor-
mation of the remaining structure was divergent and reached the collapse state. In the
A2 working model, the steel bar fracture mainly occurred at the far end of the beam,
while the steel bar stress of the other side span beam was the smallest. The reason for the
analysis was that the lack of sufficient lateral restraint led to a reduction in the remain-
ing structural capacity. In the A3 working model, the damage of the reinforcement at the
beam end was similar to that of the middle isolation bearing, and the stress of the rein-
forcement at the side column increased.

Beam height analyses of the seismic isolation layer

The most significant difference between the base-isolated structure and the ordinary
structure was that the seismic isolation layer was added, so the different structural
measures of the seismic isolation layer would inevitably lead to the difference in
the progressive collapse resistance of the structure. Under normal circumstances, a
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beam-slab floor would be set on top of the seismic isolation layer, and the relevant
parts of the seismic isolation bearing should adopt a cast-in-place concrete beam-
slab structure. The capacity of the remaining structure should be greater than general
floor slab beams’ stiffness and isolation bearing capacity [32]. The requirements in the
above code were mainly based on the response characteristics of the structure under
earthquake action. The influence of the structural measures of the seismic isolation
layer on the progressive collapse resistance of the structure needed to be further stud-
ied. Therefore, the failure condition of the seismic isolation bearing was used as the
background to compare and analyze the structure progressive collapse resistance per-
formance of the beam of seismic isolation layer of different sizes and then determined
its variation law.

When changing the beam size of the seismic isolation layer, the contribution of the
seismic isolation floor slab was not considered. That is, the thickness of the seismic
isolation floor slab was assumed to be Omm. The B1-B9 working model was selected
for analysis. The capacity of the remaining structure performance of different beam
sizes under different working conditions was presented in Fig. 19, and the remain-
ing structural capacity and displacement were illustrated in Table 4. It could be seen
from the data in the table that when the beam size of the isolation layer changed,
the isolation bearing displacement of the isolation bearing hardly changed. Under the
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Table 4 Summary of the capacity of the remaining structure considering the change of beam size
in the isolation layer

Working Beam Beam mechanism Catenary Catenary Bearing
model mechanism displacement (mm) peak (kN) displacement displacement
peak (kN) (mm)
lJmin Umax

B1 163.6 20 109.3 142 —22 22
B2 99.7 23 - - - 5
B3 157.7 18 1124 150 —23 21
B4 137.8 18 106.3 147 —20 20
B5 879 18 - - - 4
B6 137.1 18 1104 156 —22 20
B7 1364 20 109.3 148 -20 20
B8 79.8 17 - - - 4
B9 136.1 18 110.2 156 -22 21

condition of different failure positions, the height of the beam of the isolation layer
was 175mm and 150mm, respectively, and the peak capacity of the remaining struc-
ture was not much different. When the number of isolation layer beams increased,
compared with different failure location conditions, the peak isolation bearing capac-
ity of the remaining structures of working model B1 was increased by 18%, 13%, and
15%, respectively, compared with B4, B2, B5, B3, and B9. Therefore, increasing the
size of the beam of the isolation layer could improve the remaining structure’s iso-
lation capacity, and the beam mechanism’s peak value was also slightly increased.
Therefore, for a seismic-isolated structure with progressive collapse resistance col-
lapse requirements, the size of the seismic isolation layer’s beam should be appro-
priately increased to improve the capacity of alternate load paths in the remaining
structure on the premise of ensuring the essential seismic resistance and structural
requirements of the beam of the seismic isolation layer.

Influence of isolation layer isolation bearing type and restraint stiffness

The base-isolated structure differed from the traditional seismic structure, and the dif-
ferent seismic isolation layers of the base-isolated structure had a particular influence
on the capacity of the remaining structure against progressive collapse. In establishing a
working model, as indicated in Table 2 for comparative analysis, the effects of different
isolation bearing types and horizontal restraint stiffness of the seismic isolation layer on
the progressive collapse mechanism were studied. Figure 20 was a comparison diagram
of pushdown curves under various working conditions. It was found that the peak value
of the beam mechanism of the capacity of the remaining structure of the non-base-
isolated structure (constrained with 6 degrees of freedom) was slightly higher than the
capacity of the remaining structure of the base-isolated structure under the action of
the beam mechanism because of the isolation. A summary of the remaining structure’s
capacity considering the isolation layer’s stiffness and the type of isolation bearings is
illustrated in Table 5. The change of seismic isolation bearing would not improve the
flexural capacity of the beam end of the frame. The horizontal restraint of the seismic
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Table 5 Summary of the capacity of the remaining structure considering the

isolation layer and the type of isolation bearings

stiffness of the

Working model Beam Beam mechanism Catenary  Catenary Bearing
mechanism displacement (mm) peak (kN) displacement  displacement
peak (kN) (mm)
Umin Umax
@ 1759 20 - - - -
(@) 1.4 23 - - - -
3 164.8 18 - - - -
C4 163.6 20 109.3 142 —22 22
5 99.7 23 - - - 5
c6 157.7 18 1124 150 —23 21
7 158.23 20 109.2 142 -20 20
c8 96.9 17 - - - 4
c9 136.1 18 110.2 150 —22 21
C10 1364 20 109.3 - —23 —23
Ci1 97.6 17 - - - 4
C12 156.5 19 109.1 149 —-22 21
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isolation layer of the base-isolated structure was weaker than that of the non-isolated
structure, so the peak capacity of the base-isolated structure was more minor.

At the same time, the existence of the isolation bearing enabled a particular transla-
tion and rotation of the beam end of the isolation layer. Therefore, under the condition
of removing the short-side middle isolation bearing and inner isolation bearing, the
failure of the plastic hinge at the beam end of the base-isolated structure was less than
that of the non-base-isolated structure. Seismic structures were delayed. However, base-
isolated structure with different isolation bearings and isolation bearings with reduced
stiffness has little difference in the vertical collapse capacity of the beam mechanism
stage under different failure isolation bearing conditions. In the catenary mechanism
stage, the intermediate isolation bearing fails. The capacity of the remaining structure of
the base-isolated structure was higher than that of the non-isolated structure under the
failure of middle isolation bearing. The reason was that compared with the non-isolated
structure, the damage of the plastic hinge at the beam end of the base-isolated structure
was delayed, so the deformation of the catenary mechanism was also delayed, resulting
in the capacity of the remaining structure decrease. Due to the lack of sufficient lateral
restraint, the vertical capacity of the non-base-isolated structure and the base-isolated
structure in the catenary stage were not much different in the case of side isolation bear-
ing failure.

Limited by the test conditions, the test model in this study is a two-dimensional plane
model, which cannot fully reflect the progressive collapse mechanism of the actual
three-dimensional model. Therefore, the progressive collapse resistance of the actual
base-isolated structure should be much stronger. However, since the isolation layer is far
less constrained than other floors, the isolation structure cannot form an effective beam
mechanism and catenary mechanism like the non-isolation structure to give full play to
the progressive collapse resistance of the remaining structure. Therefore, it is very nec-
essary to carry out a special anti-progressive collapse design for the seismic isolation
structure with a high risk of extreme events.

Conclusions
From the results of the current study, the following conclusions can be drawn:

(1) Releasing the reaction force from the seismic isolation layer could protect the adja-
cent internal members to a certain extent. As the vertical displacement of the center col-
umn increases, the stress on both sides of the adjacent isolation bearings of the failed
isolation bearing would intensify the compressive stress distribution. The non-uniform-
ity of the beams and the concentrated loading at the nodes was easy to form a linear
catenary mechanism, resulting in more severe beam end damage than mid-span damage.

(2) In the case of side isolation bearing failure, due to the lack of sufficient lateral
restraint, the capacity was significantly lower than other conditions, which were more
likely to cause partly collapse. Therefore, setting more transfer paths for the base-isolated
structure was necessary to strengthen the progressive collapse resistance of structures.

(3) Increasing the size of the beam of the seismic isolation layer could improve the
capacity of the remaining structure of the alternate load path in the base-isolated struc-
ture. For the base-isolated structure which needs to resist progressive collapse, the size
of the beam of the seismic isolation layer could be appropriately increased to improve
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the capacity of the remaining structure of the alternate load path in a base-isolated
structure.

(4) Due to the weakening of the isolation layer’s restraint, the isolation bearing allows a
particular translation and rotation of the beam end of the seismic isolation layer, and the
base-isolated structure reaches the peak value of the beam mechanism under the condi-
tion of removing the inner isolation bearing. The changes in the horizontal stiffness of
the seismic isolation layer and the type of the isolation bearing have little effect on the
progressive collapse resistance capacity of the remaining structure.

Abbreviations

RC Reinforced concrete

LRB Lead rubber bearing

f, Yield strength of reinforcing

f, Ultimate strength of reinforcement

Emax Maximum principal strain

6 The vertical displacement of the top of the failed column
A The horizontal displacement of the bearing
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