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Abstract

Given the widespread application of multi-story modular container building structures,
this article proposes a new seismic isolation system called the “sliding friction isolation
system (IS)” that utilizes friction energy dissipation between containers. Firstly, lateral
stiffness tests were conducted on a 20 ft container, a 40 ft container, and 20 ft connected
containers. The constraint consists of four fixed-bottom corner pieces, and the load is
achieved using a symmetrical longitudinal concentrated loading method. Their stiffness
values were 58.07 kN/mm, 33.41 kN/mm, and 60.03 kN/mm, respectively, providing
the necessary parameters for IS. Secondly, an IS model was established, and based on
the theory of random vibration, the relationship between cei (the equivalent damping
of i layer of the structure) and µ (the inter-layer friction coefficient) of the system was
obtained. Thirdly, a nonlinear finite element model of a six-story container building was
established. Namely, the non-isolation system with standard damping ratios (NIS-sdr), the
non-isolation system with equivalent damping ratio (NIS-edr), and the IS. Elastic-plastic
nonlinear time-history analyses were then conducted to study the dynamic responses of
three systems under strong earthquakes. The analyses yielded the top displacement of
the structure, each structural layer’s maximum displacement and displacement angle, the
slip of each layer, the hysteresis loops, and the cumulative dissipated energy of IS. The
results show that compared to NIS sdr and NIS edr, IS can effectively reduce the maximum
interlayer displacement. The largest angular displacement between the structural layer of
IS and NIS-edr is far less than that of NIS-sdr. The spectral characteristics of seismic waves
(the EL-Centro wave, Taft wave, and artificial wave) can significantly affect the dynamic
response of IS. Additionally, the length of the sliding hole on the corner piece can be set to
35 mm based on the displacement of each layer under the Taft wave to meet the standards
for container houses (T/CECS 1932-2025).

Keywords: modular building seismic performance; multi-story container structure; con-
tainer stiffness; connected containers; sliding friction isolation system; equivalent damping
ratio; numerical dynamic response
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1. Introduction
1.1. Multi-Story Container Buildings and Their Advantages

Multi-story container buildings, as a lightweight and environmentally friendly modu-
lar steel structure, are increasingly used in residential and temporary housing, commercial
and consumer spaces, public services and community building, industrial and office needs,
special industries and technology integration applications, urban renewal and rural revital-
ization, post-disaster reconstruction, and other projects, as shown in Figure 1 [1,2].

   
(a)  (b) 

Figure 1. Multi-story container buildings. (a) 974 Stadium in Qatar; (b) Drivelines studios apartment
building in South Africa.

Compared to traditional buildings, modular container buildings adopt an industri-
alized approach of “factory prefabrication + on-site assembly”, significantly reducing
construction cycles and resource consumption. Container construction has the following
core advantages: extremely fast construction speed, shortened construction period by
40–80%; green and low-carbon, with outstanding environmental performance; more stable
quality and high industrial standards; strong flexibility and scalability; small construction
interference, suitable for densely populated urban areas; simplified approval and faster
implementation. The construction cost has the characteristics of high material cost (50–60%),
significantly reduced labor cost (30–40%), and additional transportation and lifting costs.
Its total cost can be reduced by more than 30% compared to traditional buildings, and cost
control is better.

The core differences between modular container building structures in traditional and
modern applications are reflected in four aspects: functional positioning (from emergency
use to urban integration), structural system (from simple stacking to system engineering),
technology integration (from basic configuration to intelligent living), and policies and
regulations (from temporary permits to legal compliance). The traditional model focuses
on “rapid deployment and temporary turnover”, while the modern model has evolved
toward “permanent residence and urban landmarks”, achieving a leap from functional to
quality-oriented. The design and use of containers as building modules must meet various
requirements, such as mechanical structural safety, building function adaptation, green
energy conservation and environmental compliance, compliance with fire and corrosion
prevention requirements, and complete land approval procedures. In addition, although
containers as building modules have advantages such as flexibility and environmental
protection, they still face various limitations in practical applications, such as flexibility of
building space, comfort of living, safety of use, durability of structural steel, transportation
and installation, laws and policies, etc.

In recent years, research on modular container buildings has mainly focused on
architectural design, energy conservation, building structure optimization, environmental
protection, thermal insulation, and production manufacturing [3–12]. On special occasions,
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such as infectious disease hospitals, temporary camps, high-altitude areas, etc., relevant
regulatory standards have also been introduced [13–15].

1.2. Progress in Modular Container Buildings Research

In terms of building structural performance and safety, Zha [16–18] provided a com-
prehensive investigation into the mechanical behavior of container structures under various
conditions. The article employed the finite element method to analyze the performance of
container structures under both normal and high-temperature conditions, highlighting the
effects of thermal loading on structural integrity. The article focused on the in-plane stiffness
of integrated container structures without openings, combining theoretical derivations with
experimental validations to establish a reliable stiffness model. This article extended this
work by examining container structures with holes, investigating how openings influence
in-plane stiffness through similar theoretical and experimental methods. Collectively, these
studies offered valuable insights and practical guidance for the safety assessment, damage
prevention, and optimal design of container structures in engineering applications. Dan
Adrian [19] proposed a novel inter-module connection method using customized corner
fittings, high-damping rubber cores, and shape memory alloy bolts. Research has shown
that the proposed inter-module connection exhibits good cyclic performance during lateral
loading in the deformation mode of high-rise self-supporting modular building systems.
Due to the effective contribution of each component to the combined mixed response,
this connection successfully prevented significant plastic damage to the corner fittings.
Wang [20] uses the optimality criterion to reduce the self-weight of prefabricated build-
ings while maintaining their overall stiffness. This study involves a three-story modular
building with hinged joints and a frame structure with two different beam stiffnesses for
the beam-column connection. The size optimization of the two structural systems was
achieved through a numerically stable iterative OC algorithm. The proposed method can
save a significant amount of steel for modular building systems without affecting modal
stiffness. Lyu [21] analyzed the bending behavior of simple splice connections used for
angle-supported steel modular buildings. The study found that the proposed connection
has good ductility during the bending process. In the second stage, the applied load will
continuously increase with the deformation of the specimen, indicating that the proposed
connection has sufficient bending resistance reserve under large deformation conditions.
Based on the farthest point method, a transition point is defined in the relationship between
bending moment and connection angle, which has an important value for practical design.
Lyu [22] analyzed in detail the mechanical behavior of splicing connections during vertical
load transfer in full-size modular buildings. The results indicate that the proposed splicing
connection did not cause any adverse phenomena before the overall buckling of the module
column. During the loading process, splicing connections manifest in three stages. In the
first stage, the involvement of splicing connections can be ignored. In the second stage, the
joint provides constraints for the second-order bending moment at the bottom of the col-
umn. In the third stage, local deformation and gaps were discovered. Liew [23] introduced
the progress of modular structures, with a focus on steel and concrete modular systems. He
emphasized the constructability and robustness of these systems, with steel modular sys-
tems utilizing lightweight characteristics to achieve rapid assembly and structural integrity
through corner support systems, while concrete modular systems prioritize the durability
and fire resistance of composite structural wall systems. The lightweight steel-concrete
composite system integrates the advantages of these two materials, providing longer spans,
durability, and flexibility. Pejman [24] introduced a framework for constructing prefabri-
cated multi-story buildings, whose pillars are a new type of swing steel that can be quickly
assembled and disassembled. Research has shown that this design provides flexible space
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for modular frame buildings, eliminates the requirement for structural cores, improves
construction efficiency, and allows the backbone to use self-supporting units to support the
building. This framework accelerates construction progress, reduces material consumption,
and achieves high rigidity and reliable construction.

In the field of seismic resistance in container buildings, Zhang [25] conducted research
on the collapse behavior of modular structures. A semi-rigid connection was selected for the
current specimen to conduct vertical loading tests with internal column losses. The sample
was found to have failed due to the breakage of beam-column connections within the mod-
ule, with the floor beam breaking prematurely and the ceiling beam subsequently breaking.
Throughout the entire loading process, the load-transfer mechanism and resistance con-
tribution of the double-beam system were thoroughly analyzed. William [26] applied the
newly proposed model to modular steel structures and studied the response of modular
connections to simulated time-varying wind loads and seismic ground accelerations of
the entire building. The building performance of two different connection methods was
compared, and it was shown that the new simplified model is very suitable for numerical
simulation. The analytical basis of the model enables it to be applied to different connection
geometries, which helps to better reflect the building response. Zhang [27] studied the
collapse of steel module buildings affected by angular modulus loss. The results showed
that the load-displacement curve presented three stages, with the maximum load being
about 1.6 times its yield load. The final failure mode was the fracture of the flange bolts
at the module connection, significant separation of the double-layer beam interface, and
relative displacement exceeding 50 mm. The top module beam was in a compressed state,
and the bottom beam was in a tensile state. The maximum axial force could reach 600 kN,
which was 3/4 of the yield axial load of the beam. Zha [28,29] investigated the mechanical
performance of container structures under different loading conditions. The article ana-
lyzed the seismic behavior of container structures, examining their response and durability
during earthquake actions to support seismic design. The article focused on multi-body
container buildings, presenting theoretical and finite element studies on longitudinal stiff-
ness. Together, these works contributed to understanding container structural behavior
under both dynamic seismic loads and static stiffness requirements, providing valuable
references for safe and efficient container-based construction. Ze [30] proposed an air spring
lead rubber bearing seismic isolation device. An analysis was conducted on a four-story
three-span building using it, and the results showed that it effectively reduced seismic
effects. The horizontal peak acceleration, column shear force, and node displacement angle
were significantly reduced. By optimizing the target period ratio and transmission ratio,
the isolation performance of the building can be improved. It is recommended that the
target isolation period be at least 1.75, combined with a lower vertical transmission ratio, to
achieve the best results. Ze [31] introduced air spring lead rubber bearings and proposed a
design method based on seismic isolation devices in accordance with Chinese standards.
This method mainly considers the target period ratio and design transmission ratio, and
designs a four-story three-span structure to analyze its seismic isolation performance, in
order to determine the target period ratio and design transmission ratio under different
seismic performance targets. The results show that this calculation method can accurately
obtain the parameters of air spring lead rubber bearings and achieve the expected goals.

1.3. The Seismic Challenge of Multi-Story Container Buildings

Modular container buildings have been widely deployed in regions with significant
seismic hazards, as shown in Figure 2, including the Pacific Rim (Japan, China, Chile, New
Zealand) where peak ground accelerations (PGA) can exceed 0.4 g during rare earthquakes,
the Mediterranean (Italy, Greece, Turkey) with design PGAs of 0.2–0.35 g, and even moderate-

https://doi.org/10.3390/buildings16132498

https://doi.org/10.3390/buildings16132498


Buildings 2026, 16, 2498 5 of 31

seismicity areas such as South Africa. According to the Global Seismic Hazard Assessment
Program (GSHAP), approximately 30% of the world‘s population lives in areas with PGA
> 0.2 g (10% exceedance probability in 50 years). Despite this widespread deployment in
seismically active zones, the seismic performance of multi-story modular container buildings
remains a critical concern. Unlike conventional steel structures, container buildings exhibit
several adverse seismic responses due to their unique characteristics: low inherent damping
(2–3% vs. 5% for conventional steel), slow vibration attenuation, vulnerable inter-module
connections susceptible to uplift and slippage, and the “whipping effect” caused by low
lateral stiffness of longer containers (e.g., 40 ft). Field observations from past earthquakes
have confirmed severe damage to inadequately anchored modular structures, including
corner fitting rupture, sidewall buckling, and stack overturning.

(a)  (b) 

Figure 2. Seismic challenge of modular buildings. (a) World earthquake disaster zone; (b) Modular
building collapse.

The seismic resistance of modular multi-layer container buildings is similar to the dy-
namic response of containers stacked on shipping ships in waves, as shown in Figure 3 [32,33].
Both need to deal with complex lateral and longitudinal impact forces. Although the ex-
citation sources are different—earthquakes are crustal movements and waves are fluid
dynamics—their mechanical effects on multi-layer stacked containers are highly similar.
The shipping industry has developed a mature system to solve this problem, such as opti-
mizing loading and unloading efficiency and space utilization through vertical stacking,
preventing container displacement through the use of grid-style cargo racks, and controlling
the center of gravity of ships by adjusting the weight of ballast water. Many principles of
maritime transportation have been applied to container construction. For example, drawing
on the principle of container anchoring, seismic wave energy is absorbed through horizon-
tal and vertical shock-absorption mechanisms, combined with plug-in rapid connection
fixation, effectively reducing relative displacement between containers and maintaining
overall stability of container construction at the epicenter. For example, by strengthening
the main components and nodes, the seismic resistance of an 8-degree earthquake crack has
been achieved, which is equivalent to resisting the impact of a 6.4 magnitude earthquake,
effectively reducing the “whip effect” problem of top containers. In addition, a multi-layer
container load monitoring system is equipped to provide real-time feedback on multi-layer
stacking stress, tilt angle, and other data, enhancing emergency response capabilities.
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(a)  (b) 

Figure 3. Container ship. (a) Container ship operating normally; (b) Container cargo collapses.

Therefore, the research objective of this article is to analyze and verify the seismic
isolation effect of IS based on the widely used modular container building structure. By
setting special connection devices at the corners of the container, the corners will not slide
under the action of small earthquakes, and the structure will maintain its overall working
state; under the action of larger earthquakes, there is a certain displacement between the
corner pieces. In this process, the “friction” between the corner pieces is used to consume
seismic energy, reduce the propagation of seismic waves to the upper part of the structure,
and make the structure basically in an elastic working state, thereby improving its seismic
performance. IS is different from traditional steel structures in terms of seismic resistance.
It mainly utilizes the discontinuity between the floors of container buildings to prevent or
reduce the propagation of seismic waves to the upper structure of the structure, thereby
reducing the seismic response of each floor.

2. Experimental Study
2.1. The Experimental Preparation

Considering that container steel (manufactured by CIMC (China International Marine
Containers (Group) Co., Ltd.) in Shenzhen, China) is a special type of weather-resistant steel,
material tests were conducted on its key components, as shown in Table 1. The experimental
process was strictly carried out in accordance with the specifications [34–36].

Table 1. Material experiment for key components of containers.

Legend Components t E P σy σb

Corner fitting 6 1.97 0.3 318.67 448.2
Bottom side beam 4.5 2.01 0.3 318.44 458.07

Top side beam 3 1.99 0.31 314.33 449.12
Front corner post 6 1.97 0.3 318.67 448.2
Rear corner post 6 1.97 0.3 318.67 448.2

Side-wall 1.6 2.03 0.3 320.83 461.87
Roof 2 2.04 0.28 325.89 476.21

Front-wall 1.6 2.03 0.3 320.83 461.87

Note: l—The dimension in the length direction of the container (6058 mm). h—The dimension in the height
direction of the component (2591 mm). w—The dimension in the width direction of the component (2438 mm).
t—The thickness of specimen material (mm). E—The modulus of elasticity (105 MPa). P—The Poisson’s ratio.
σy—The yield strength (MPa). σb—The ultimate strength (MPa).

The experimental setup mainly includes a dedicated reaction frame for container
testing, a standard 20 ft container, and a standard 40 ft container. In addition, to study the
mechanical properties of the connected container, a dedicated container corner-fitting lock
was also used, as shown in Figure 4. (The above experimental setup are all manufactured
by CIMC in Shenzhen, China)

https://doi.org/10.3390/buildings16132498

https://doi.org/10.3390/buildings16132498


Buildings 2026, 16, 2498 7 of 31

 
(a)  (b) 

 
(c)  (d) 

Figure 4. Experimental setup. (a) Reaction frame; (b) Container corner fitting lock; (c) Standard 20 ft
container; (d) Standard 40 ft container.

The experimental setup is shown in Figure 5, where three forms of container stiffness
were studied, namely 20C (20 ft container), 40C (40 ft container), and 20CC (connected
20 ft container). The load is a symmetrical longitudinal concentrated load applied to the
two corner pieces at the top of the container. Based on finite element analysis, the loading
program using load control is shown in Table 2. Due to the focus on studying the mechanical
properties of the elastic stage, the load is continuously applied until a component of the
container begins to yield. The constraints are fully applied to the four bottom corner pieces
of the container and are in a completely fixed form [37,38].

Table 2. Loading program.

Container Category Name Fmax Fmax/L l

 

20C 140 7 20

40C 110 5.5 20

 

20CC 140 7 20

Note: F—The load on a single-sided container (kN). Fmax—The maximum load on a single-sided container (kN).
l—The number of load levels.
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(a)  (b) 

   

(c)  (d) 

Figure 5. Experimental setup arrangement. (a) Overall schematic graph of LE; (b) Overall schematic
graph of NLE; (c) Actual constraint graph; (d) Actual load graph. Note: LE—The loading end of the
stiffness test for the container. NLE—The non-loading end of the stiffness test for the container.

2.2. The Experimental Results

From the load-displacement curves of LE1 and LE2, as well as NLE1 and NLE2, it can
be seen that each curve is an oblique straight line, indicating that each experimental item is
in the elastic stage, and each curve is symmetrically synchronized. Due to the applied load
being a symmetrical concentrated synchronous load, the forces on both sides of the surface
container are uniform and symmetrical, and there is no obvious torsion overall. When
analyzing the force on the container, one side can be directly used, as shown in Figure 6.

From Figure 6, it can be seen that the stiffness of the container loading and non-loading
ends for each experimental project is shown in Table 3. Based on the requirements of the
literature [39,40], this article adopts the stiffness value of the container loading end as the
overall stiffness value of the container. Due to the relatively low axial stiffness of the upper
beam, its ability to transmit loads is limited, resulting in a much higher stiffness value at
the non-loading end when testing the stiffness at the loading end. Based on experiments
and finite element analysis, as the bottom side beams are not fixed, the side walls can
deform freely, and the container as a whole exhibits a Z-shaped collapse deformation, which
becomes more pronounced as the length of the container increases. Therefore, the stiffness
of a 20 ft container should be greater than that of a 40 ft container; that is, the stiffness of
experimental project 20C (58.07 kN/mm) is greater than that of 40C (33.41 kN/mm). It
can be seen that as the length of the container increases, the stiffness of the container will
gradually decrease. In terms of the connected container, namely 20CC, due to the small
axial stiffness of the upper beam, its load transmission capacity is limited. Therefore, the
overall deformation of the connected container is mainly concentrated on the first container,
and the deformation at its non-loading end is very small, resulting in a small force on the
second container. Therefore, the contribution of the second container to the overall stiffness
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of the connected container is not significant; that is, the stiffness of 20CC (60.03 kN/mm) is
slightly greater than that of 20C (58.07 kN/mm).

(a)  (b)  (c) 

 

(d)  (e)  (f) 

   
(g)  (h)  (i) 

Figure 6. Load-displacement curves of the experiments. (a) Experimental project of 20C; (b) LE load
displacement curve of 20C (LE); (c) NLE load displacement curve of 20C; (d) Experimental project of
40C; (e) LE load displacement curve of 40C; (f) NLE load displacement curve of 40C; (g) Experimental
project of 20CC; (h) LE load displacement curve of 20CC; (i) NLE load displacement curve of 20CC.
Note: ∆LE—The loading end displacement (mm). ∆NLE—The non-loading end displacement (mm).

Table 3. Container stiffness of each experimental item.

Container Category
20C 40C 20CC

F/∆LE F/∆NLE F/∆LE F/∆NLE F/∆LE F/∆NLE

LE1 or NLE1 58.79 2755.22 32.44 3569.32 60.84 22,554.32

LE2 or NLE2 57.34 2904.80 34.38 3497.15 59.22 22,419.10

k = 1/2(F/∆LE1 + F/∆LE2) 58.07 33.41 60.03

2k 116.14 66.82 120.06
Note: k—The single side container stiffness (kN/mm). 2k—The container stiffness (kN/mm).
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3. Theoretical Analysis
Based on the common modular building structure of containers and the requirements of

relevant specifications [39,41–43], this article establishes a six-story container house, which
uses 20 ft containers of uniform specifications. Therefore, the mass of each floor is equal,
and the friction coefficient between floors is equal. Sliding isolation devices are installed
between adjacent upper and lower floors, and under certain conditions, friction sliding can
occur between containers. The magnitude of the frictional force is taken as the Coulomb
friction force, which is opposite to the direction of velocity and equal to the positive pressure
multiplied by the friction coefficient. The structural model is shown in Figure 7.

(a) (b)

c6 k6

m
c5 k5

m
c4 k4

m
c3 k3

m
c2 k2

c1 k1

m

m

Figure 7. Six-story container module building structural model. (a) Actual model; (b) Mechanical
calculation model of IS. Note: c—The container damping (N·s/m). m—The container mass (kg).
i, j—The number.

3.1. Description of the IS

The proposed IS is designed specifically for multi-story modular container buildings
to mitigate seismic response through friction energy dissipation at inter-layer interfaces.
Unlike conventional isolation systems that require dedicated isolators (e.g., lead rubber
bearings or friction pendulum bearings), the IS integrates the isolation function directly
into the existing corner fitting connections, making it cost-effective and easy to implement.

The IS operates differently depending on the intensity of seismic excitation:

(1) Under frequent earthquakes (low seismic intensity). The inertial forces generated
by the earthquake are insufficient to overcome the static friction at the interface. The
corner fittings remain locked, and the container building behaves as a conventional
non-isolated structure. No sliding occurs, and the building maintains its original
configuration.

(2) Under rare earthquakes (high seismic intensity). When the inter-story shear force
exceeds the maximum static friction force, relative sliding is initiated between the
upper and lower corner fittings. During sliding, kinetic friction dissipates seismic
energy as heat. The sliding displacement is limited by the length of the slotted hole.
After the earthquake subsides, the structure may retain some residual displacement,
but the superstructure remains essentially elastic, having been protected from direct
transmission of strong ground motion.

3.2. Motion Equation of the Six-Story Isolation System

When establishing the structural motion equation, the following assumptions were
made:
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(1) The frictional force adopts Coulomb friction, which remains a constant throughout
the process of structural motion;

(2) During the process of structural sliding, the overturning of the structure is not considered;
(3) Consider only horizontal seismic effects;
(4) Assuming sufficient sliding space at each corner;
(5) Assuming a low coefficient of friction, the structure is in a sliding state under seismic

loads.

To ensure the validity of assumption (5)—i.e., the structure remains in a continuous
sliding state under seismic loading—a criterion for the friction coefficient µ is required.
Continuous sliding occurs when the imposed inertial force overcomes the maximum static
friction force at each sliding interface. For the i-th layer with mass mi, this condition is
expressed as Equation (1).

µmig ≤ mi |
..
xi(t) +

..
xg(t) |max (1)

where:
g—The gravity acceleration (m/s2).
x—The displacement of each layer container to the ground (mm).
According to Figure 7, the dynamic motion equation of the structure is shown

as Equation (2).
M

..
x + C

.
x + Kx + Ff = −MI

..
xg (2)

where:
M—The structure mass matrix.
C—The structure damping matrix.
K—The structure stiffness matrix.
Ff—The friction matrix between containers of each layer.
I—The identity matrix.

M =



m 0 0 0 0 0
m 0 0 0 0

m 0 0 0
m 0 0

m 0
m


(3)

C =



c1 + c2 −c2 0 0 0 0
c2 + c3 −c3 0 0 0

c3 + c4 −c4 0 0
c4 + c5 −c5 0

c5 + c6 −c6

c6


(4)

K =



k1 + k2 −k2 0 0 0 0
k2 + k3 −k3 0 0 0

k3 + k4 −k4 0 0
k4 + k5 −k5 0

k5 + k6 −k6

k6


(5)

https://doi.org/10.3390/buildings16132498

https://doi.org/10.3390/buildings16132498


Buildings 2026, 16, 2498 12 of 31

Ff =



−5µmgsgn(
.
x2 −

.
x1)

5µmgsgn(
.
x2 −

.
x1)− 4µmgsgn(

.
x3 −

.
x2)

4µmgsgn(
.
x3 −

.
x2)− 3µmgsgn(

.
x4 −

.
x3)

3µmgsgn(
.
x4 −

.
x3)− 2µmgsgn(

.
x5 −

.
x4)

2µmgsgn(
.
x5 −

.
x4)− µmgsgn(

.
x6 −

.
x5)

µmgsgn(
.
x6 −

.
x5)


(6)

sgn(x)—The symbolic function. When x > 0, sgn(x) = 1; when x = 0, sgn(x) = 0; when
x < 0, sgn(x) = −1.

For convenience, we set x2 − x1 = u2, x3 − x2 = u3, x4 − x3 = u4, x5 − x4 = u5, and
x6 − x5 = u6. And then Equation (2) can be transformed into Equation (7).

m
..
x1 + c1

.
x1 + k1x1 − k2u2 − c2

.
u2 − 5µmgsgn

.
u2 = −m

..
xg

m
..
x2 + c2

.
u2 + k2u2 − k3u3 − c3

.
u3 + 5µmgsgn

.
u2 − 4µmgsgn

.
u3 = −m

..
xg

m
..
x3 + c3

.
u3 + k3u3 − k4u4 − c4

.
u4 + 4µmgsgn

.
u3 − 3µmgsgn

.
u4 = −m

..
xg

m
..
x4 + c4

.
u4 + k4u4 − k5u5 − c5

.
u5 + 3µmgsgn

.
u4 − 2µmgsgn

.
u5 = −m

..
xg

m
..
x5 + c5

.
u5 + k5u5 − k6u6 − c6

.
u6 + 2µmgsgn

.
u5 − µmgsgn

.
u6 = −m

..
xg

m
..
x6 + c6

.
u6 + k6u6 + µ6mgsgn

.
u6 = −m

..
xg

(7)

3.3. Linear Equivalent of Motion Equation

The linear equivalent method is used to convert Equation (7) into linear equivalent
equations, as shown in Equation (8).

m
..
x1 + c1

.
x1 + k1x1 − k2u2 − ce2

.
u2 + e1 = −m

..
xg

m
..
x2 + ce2

.
u2 + k2u2 − k3u3 − ce3

.
u3 + e2 = −m

..
xg

m
..
x3 + ce3

.
u3 + k3u3 − k4u4 − ce4

.
u4 + e3 = −m

..
xg

m
..
x4 + ce4

.
u4 + k4u4 − k5u5 − ce5

.
u5 + e4 = −m

..
xg

m
..
x5 + ce5

.
u5 + k5u5 − k6u6 − ce6

.
u6 + e5 = −m

..
xg

m
..
x6 + ce6

.
u6 + k6u6 + e6 = −m

..
xg

(8)

where:
ei—The error generated by the linear equivalent of i layer of structure, and can be

expressed as Equation (9).

e1 = [(ce2 − c2)
.
u2 − 5µmgsgn

.
u2]

e2 = [(ce3 − c3)
.
u3 − 4µmgsgn

.
u3]− [(ce2 − c2)

.
u2 − 5µmgsgn

.
u2]

e3 = [(ce4 − c4)
.
u4 − 3µmgsgn

.
u4]− [(ce3 − c3)

.
u3 − 4µmgsgn

.
u3]

e4 = [(ce5 − c5)
.
u5 − 2µmgsgn

.
u5]− [(ce4 − c4)

.
u4 − 3µmgsgn

.
u4]

e5 = [(ce6 − c6)
.
u6 − µmgsgn

.
u6]− [(ce5 − c5)

.
u5 − 2µmgsgn

.
u5]

e6 = −[(ce6 − c6)
.
u6 − µmgsgn

.
u6]

(9)

3.4. Error Minimization

The smaller the error term ei, the smaller the error in the result of Equation (8). When
the error term ei can be neglected, Equation (8) is in the linear equation group, so it is
necessary to minimize the ei as follows.

3.4.1. Take Partial Derivative on the Square of the Expectations of the Error Term ei

Take the partial derivative of the square of the expectations of the error term ei, as
shown in Equation (10).

∂E(e1
2)

∂(ce2 − c2)
= 2E[(ce2 − c2)

.
u2

2 − 5µmg
.
u2sgn

.
u2] = 0 (10)
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According to the literature [44,45], Equation (11) can be obtained.

ce2 = c2 + 5µmg
E(

.
u2sgn

.
u2)

E
.
u2

2 = c2 + 5µmg

√
2
π

1
σ .

u2

(11)

where:
σ .

ui
—The mean square deviation of

.
ui.

According to Equation (10), Equation (12) can be obtained.

∂2E(e1
2)

∂(ce2 − c2)
2 = 2E(

.
u2

2
) > 0 (12)

When Equation (10) is established, e1 it takes its minimum value. Then, assuming that
e1 = 0, from Equations (9) and (11), Equation (13) can be obtained.

sgn
.
u2

.
u2

=

√
2
π

1
σ .

u2

(13)

3.4.2. Take Partial Derivative on the Square of the Error Term e2

Take the partial derivative of the square of the error term e2, as shown in Equation (14).

∂(e2
2)

∂(ce3 − c3)
= 2

.
u3{[(ce3 − c3)

.
u3 − 4µmgsgn

.
u3]− [(ce2 − c2)

.
u2 − 5µmgsgn

.
u2]} = 0 (14)

As
.
u3 is a change value, Equation (15) can be obtained.

e2 = [(ce3 − c3)
.
u3 − 4µmgsgn

.
u3]− [(ce2 − c2)

.
u2 − 5µmgsgn

.
u2] = 0 (15)

As e1 = 0, Equation (16) can be obtained.

e2 = (ce3 − c3)
.
u3 − 4µmg · sgn

.
u3 = 0 (16)

Equation (17) can be obtained.

ce3 = c3 + 4µmg
sgn

.
u3

.
u3

= c3 + 4µmg

√
2
π

1
σ .

u3

(17)

In the same way, Equations (18)–(20) can be obtained.

ce4 = c4 + 3µmg
sgn

.
u4

.
u4

= c4 + 3µmg

√
2
π

1
σ .

u4

(18)

ce5 = c5 + 2µmg
sgn

.
u4

.
u4

= c5 + 2µmg

√
2
π

1
σ .

u5

(19)

ce6 = c6 + µmg
sgn

.
u4

.
u4

= c6 + µmg

√
2
π

1
σ .

u6

(20)

And then, the equivalent damping ratio of i layer of structure can be expressed
as Equation (21).

ςei = ς +
µg
ωi

1√
2πσ2.

ui

(21)

where:
ςei—The equivalent damping ratio of i layer of structure.
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ζ—The damping ratio.
ω—The self-vibration frequency (rad/s).

3.5. Mean Squared Error Formula of Speed
3.5.1. Motion Equation Simplify

When solving σ .
ui

, it can be assumed that only the i layer will slide, and structures
below the i layer are considered as rigid structures and move together with the ground; the
structures above i layer are assumed to move to the displacement limit without relative
sliding, so the calculation diagram of the multi-layer seismic isolation container structure is
shown in Figure 8. So, at this point, the structure is equivalent to a structure with a bottom
friction sliding isolation device.

im
ik eic

gu ix

n  1m

nm
nu

un  1

Figure 8. Multi-layer isolated container structure equivalent system.

For Figure 8, the motion equation of the structure is divided into two parts: the first
part is the relative vibration of the particle of the upper part, and the second part is the
joint vibration of the particle i and its upper structure. The motion equation is given in
Equations (22) and (23).

Ms
..
u + Cs

.
u + Ksu = −(

..
ug +

..
xi)Ms I (22)

mi(
..
ug +

..
xi) + ITMs(

..
ug +

..
xi +

..
u) + cei

.
xi + kixi = 0 (23)

According to Equation (23), Equation (24) can be obtained.

ITMs
..
u + mz

..
xi + cei

.
xi + kixi = −mz

..
ug (24)

In Equation (24), the first item is the inertia force of all particle masses above i layer of
structure, as shown in Equation (25).

ITMs
..
u = mi+1

..
ui+1 + mi+2

..
ui+2 + · · ·+ mn

..
un (25)

As Figure 8 shows, since there is ui ≪ xi and mi ≪ mz, the item in Equation (25) can be
deleted, and, according to Equation (24), the approximate motion equation can be obtained,
as shown.

mz
..
xi + cei

.
xi + kixi = −mz

..
ug (26)

According to Equations (22) and (26), the system is decomposed into two parts.

3.5.2. The Mean Variance of Speed

According to the structure, as shown in Figure 8 and Equation (26), Equation (27) can
be obtained.
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..
xi + 2ςeiωi

.
xi + ω2

i xi = − ..
ug (27)

According to the literature [44,45], when the spectral density constant of white noise
S0 = 55.44 cm2/s3, the acceleration of the ground due to an earthquake can be simulated by
white noise. So the acceleration of the ground

..
ug can be expressed as Equation (28).

..
ug = e(t)W(t)
⟨W(t)⟩ = 0
⟨W(t)W(t + τ)⟩ = 2πS0δ(τ)

(28)

where:
S0—The spectral density constant of white noise (m2/s3).
e(t)—The envelope function.
W(t)—The steady process of white noise (m/s2).
< >—The overall mean.
δ(τ)—The Dirac function.
According to the literature [44,45], using the relationship between the correlation

function and spectral density together with the Fourier transform formula, the correlation
function of stationary white noise can be obtained, as shown in Equations (29) and (30).

Rg(τ) = 2πS0δ(τ) (29)

Rxx(t1, t2) =
2πS0

ω2
d

∫ t1
0

∫ t2
0 δ(s1 − s2)e−ςeiωi(t1−s1) sin[ωd(t1 − s1)]e−ςeiωi(t2−s2) sin[ωd(t2 − s2)]ds1ds2

=
2πS0

ω2
d

∫ min(t1,t2)
0 e−ςeiωi(t1+t2−2s) sin[ωd(t1 − s)] sin[ωd(t2 − s)]ds

=
πS0

2ςeiω
3
i

{
e−ςeiωi |t2−t1|[cos(ωd(t2 − t1)) +

ςeiωi
ωd

sin(ωd(t2 − t1))] + e−ςeiωi |t2+t1| × · · ·
} (30)

where: ωd = ω0
√

1 − ς2, ω0 is the natural circle frequency ω0 =
√

k/m.
When t → ∞, Equation (30) can be expressed as Equation (31).

Rxx(t1, t2) = Rxx(τ) =
πS0

2ςeiω
3
i
e−ςeiωi |t2−t1|[cos(ωd(t2 − t1)) +

ςeiωi
ωd

sin(ωd(t2 − t1))]

= πS0
2ςeiω

3
i
e−ςeiωiτ [cos(ωdτ) + ςeiωi

ωd
sin(ωdτ)]

(31)

And then, Equation (32) can be obtained.

R .
x

.
x(τ) = −d2Rx(τ)

dτ2 =
πS0

2ςωi
e−ςeiωiτ [cos(ωdτ)− ςeiωi

ωd
sin(ωdτ)] (32)

So the speed mean variance of the steady stage can be expressed as Equation (33).

σ2.
x = R .

x
.
x(0) =

πS0

2ςeiωi
(33)

According to Equations (21), (33), and (34) can be obtained.

σ2.
xi
=

µ2g2

8ω2
i ς2π

(√
1 +

4π2ωiS0ς

µ2g2 + 1

)2

(34)

Substitute Equation (34) into Equation (21). Thus, the equivalent damping ratio of
each layer can be obtained as shown in Equation (35).
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ςei = ς +
2ς√

1 + 4π2ωiS0ς
µ2g2 + 1

(35)

3.6. An Example of a Sliding Isolation Structure of Six Layers

A building is a six-layer container structure with slip isolation of each layer. A
20 ft standard container is used, the structural damping ratio is taken as 0.05, the mass of
each layer is taken as 2230 kg, the friction coefficient between layers is taken as 0.15, the
container stiffness is taken as 58.07 kN/mm, 33.41 kN/mm, and 60.03 kN/mm, and the
spectral density constant of white noise S0 is taken as 55.44 cm2/s3.

According to the above parameters and Equation (34), the equivalent damping ra-
tios of the second to sixth layers can be obtained as 0.090, 0.089, 0.088, 0.087, and 0.084,
respectively, for the 20 ft container, and 0.126, 0.123, 0.120, 0.115, and 0.110, respectively, for
the 40 ft container.

4. Finite Element Simulation
4.1. Establishment of Finite Element Model

A six-story container building model was established using the large-scale nonlinear finite
element software Abaqus 6.14 (manufactured by Dassault Systemes in Paris, France) [46,47].
The technical parameters of the container model element are shown in Table 4.

Table 4. The element of the container model.

Member
Name

Top
Side Beam

Bottom
Side Beam

Front
Corner Column

Rear
Corner Column Corner Fitting

Member
form

Size/mm 15 15 15 15 10

Shape Quad Quad Quad Quad Hex

Technique Structured Structured Structured Structured Structured

Type S4R S4R S4R S4R C3D8R

Member
Name

Top
end beam

Bottom
end beam Side wall Top wall End wall

Member
Form

Size/mm 15 15 10 10 10

Shape Quad Quad Quad Tri Quad

Technique Structured Structured Structured Free Structured

Type S4R S4R S4R S3 S4R

The material parameters and constitutive relationships in the finite element model can
be found in Table 1 and Figure 9.
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o ε

yσ
σ

yε

Figure 9. Material constitutive model of the container. Note: O—The origin coordinates. σ—The
stress coordinate axis. ε—The strain coordinate axis. εy—The yield strain.

The dimensions of the main container component are shown in Figure 10. More detailed
dimensions can be found in the literature [1,35].
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Figure 10. The dimensions of the main container component (mm). (a) The front corner column
(hc = 2325); (b) The rear corner column (hc = 2325); (c) The corner fitting (hc = 118); (d) The bottom
side beam (lc = 5720); (e) The top side beam (lc = 5720); (f) The bottom beam (wc = 2332); (g) The
top end beam (wc = 2114); (h) The bottom end beam (wc = 2114); (i) The door header (wc = 2114);
(j) The corrugated sheet of side wall (hc = 2325); (k) The corrugated sheet of end wall (hc = 2325);
(l) The corrugated sheet of roof (wc = 2356). Note: hc—The dimension in the height direction of
the component (mm). lc—The dimension in the length direction of the component (mm). wc—The
dimension in the width direction of the component (mm).
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Based on the above analysis, the nonlinear finite element model of the container
building structure is shown in Figure 11.

 

(a)  (b)  (c) 

Figure 11. Container building structure model. (a) 20C; (b) 40C; (c) 20CC.

Based on finite element analysis, the container stiffness values of each test item were
obtained and compared with the test results, as shown in Table 5.

Table 5. Experiment and finite element method comparison of container stiffness.

Container Category

20C

F/∆LE F/∆NLE

E FEM EEFEM E FEM EEFEM

LE1 or NLE1 58.79 61.18 3.57% 2755.22 2916.5 4.78%

LE2 or NLE2 57.34 61.18 5.59% 2904.80 2916.5 4.48%

k = 1/2 (F/∆LE1 + F/∆LE2) 58.07 61.18 4.56% — — —

2k 116.14 122.36 4.57% — —

Container category

40C

F/∆LE F/∆NLE

E FEM EEFEM E FEM EEFEM

LE1 or NLE1 32.44 34.78 5.20% 3569.32 3718 3.97%

LE2 or NLE2 34.38 34.78 4.29% 3497.15 3718 5.27%

k = 1/2 (F/∆LE1 + F/∆LE2) 33.41 34.78 4.73% — — —

2k 66.82 69.56 4.74% — — —

Container category

20CC

F/∆LE F/∆NLE

E FEM EEFEM E FEM EEFEM

LE1 or NLE1 60.84 64.55 6.10% 22,554.32 24,120.32 6.94%

LE2 or NLE2 59.22 64.55 9.00% 22,419.10 24,120.32 7.59%

k = 1/2 (F/∆LE1 + F/∆LE2) 60.03 64.55 7.53% — — —

2k 120.06 129.10 7.53% — — —

Note: E—The experiment method. FEM—The finite element method. EEFEM—The error between experiment and
finite element method (%).

Based on the above analysis, the nonlinear finite element model of the six-story con-
tainer building structure is shown in Figure 12. Among them, the upper and lower containers
are fixed by corner pieces, and the overall container building structure is fixed to the ground
by corner pieces and bottom beams. The seismic fortification intensity of this structure is
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9 degrees, the design basic seismic acceleration is 0.4 g, the site type is Class II, and the
design earthquake group is Group I. For NIS-sdr and NIS-edr, tie connections are established
between the upper and lower containers; For IS, a sliding contact connection is established
between the upper and lower containers. Friction force is selected based on Coulomb
friction, with a friction coefficient of 0.15 and a maximum slip between layers of 42 mm.

 

Figure 12. Six-story container building structure model.

4.2. IS Technical Requirements

To ensure reliable performance, the IS must satisfy the technical requirements specified
in Table 6. These requirements cover friction coefficient, slotted hole geometry, surface
treatment, material properties, and load capacity.

Table 6. Technical requirements for the IS.

Parameter Requirement Acceptable Range Test Method

Friction coefficient µ 0.12–0.20 (static), 0.10–0.18 (kinetic) ±0.03 Inclined plane test

Slotted hole length 35–50 mm (depending on seismic intensity) ±2 mm Direct measurement

Slotted hole width 22 mm (for M20 bolt) ±0.5 mm Direct measurement

Contact surface roughness 0.8–1.6 µm ±0.2 µm Profilometer

Friction material (optional) Brass or PTFE composite — —

Vertical load capacity ≥150 kN per corner fitting — Compression test

Bolt preload (if used) 50–100 kN ±10 kN Torque wrench

Sliding cycles durability ≥50 cycles without degradation — Cyclic sliding test

Two key parameters govern the performance of the IS:

(1) Friction coefficient. This determines the threshold for initiating sliding. A lower µ

allows earlier sliding and more energy dissipation but may lead to excessive residual
displacement. A higher µ delays sliding but reduces the risk of residual displacement.

(2) Slotted hole length. This determines the maximum allowable slip distance and should
be designed to accommodate the expected inter-story displacement under rare earth-
quakes without causing collision or dislodgment.

4.3. Modal and Damping

Modal [48] is the inherent vibration characteristic of a structure. Table 7 shows the
periods of the first eight order formations obtained by Abaqus modal analysis using NIS-sdr
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and NIS-edr. The first period of the structure is 0.412 s, and the second period is 0.143 s.
The first period is approximately three times the second period. Therefore, the dynamic
response of the container structure is controlled by the first mode.

Table 7. Various modes of vibration.

Modal Order 1 2 3 4 5 6 7 8

T/s 0.412 0.143 0.134 0.133 0.131 0.121 0.098 0.093

ω/rad/s 15.278 43.967 46.764 47.200 47.660 52.088 64.359 67.456
Note: T—The period (s).

Damping [49] is an important factor affecting the dynamic response of structures.
Rayleigh damping indicates that the damping matrix is a linear combination of the mass
matrix and the stiffness matrix, as shown in Equation (36).

[C] = α[M] + β[K] (36)

where:
α, β—The constant.

α = 2ωiωj
ξ jωi−ξiωj

ω2
i −ω2

j
.

β = 2
ξ jωi−ξiωj

ω2
i −ω2

j
.

According to reference [45], in the elastic-plastic analysis under rare earthquakes, the
damping ratio of steel structures can be taken as 0.05. Assuming that the damping ratios of
each mode are the same and the frequencies of the first two modes are taken, the calculated
values of α = 1.1339 and β = 0.001688 for NIS-sdr and NIS-edr can be obtained.

From the above analysis, according to Equation (35), the equivalent damping ratios of
the second to sixth layers are 0.090, 0.089, 0.088, 0.087, and 0.084, respectively. Therefore,
the IS equivalent damping ratio can be calculated according to Equation (37).

ξeq = ∑ Kjξeqj/∑ Kj (37)

where:
ξeq—The equivalent damping ratio of the overall structure.
ξeqj—The equivalent damping ratio of the j isolation layer structure.
Kj—The horizontal stiffness of the j isolation layer structure.
According to the calculation, the equivalent damping ratio of IS is 0.081, resulting in

α = 1.8369 and β = 0.002735 for IS.

4.4. Elastic-Plastic Time-History Analysis of Structure
4.4.1. The Selection of Seismic Wave

In the time-history analysis, the selected seismic waves mainly include typical strong
earthquake records, fitted artificial waves, and actual seismic records of the proposed site.
Among them, the best approach is to use the actual seismic records of the constructed
site, but it is difficult to achieve this. Therefore, in practical time-history analysis, some
existing typical seismic waves are often selected for structural seismic calculations, such
as the EL-Centro wave, Taft wave, etc. In addition, when selecting seismic waves, the
engineering geological conditions of the location of the structure should also be considered.
According to the literature [45], when using the time-history analysis method, actual strong
earthquake records and artificially simulated acceleration time-history curves should be
selected according to the type of building site and the design earthquake group. The number
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of actual strong earthquake records should not be less than 2/3 of the total number, and
the average seismic influence coefficient curve of multiple time-history curves should be
consistent with the seismic influence coefficient curve used in the mode decomposition
response spectrum method in terms of statistical significance. The maximum value of the
acceleration time-history can be used according to Table 8.

Table 8. The maximum value of seismic acceleration time-history used in time-history analysis.

Earthquake Impact 6-Degree 7-Degree 8-Degree 9-Degree

Frequent earthquakes/cm/s2 18 35 (55) 70 (110) 140

Rare earthquake occurrence/cm/s2 125 220 (310) 400 (510) 620
Note: The values in parentheses are used for areas with designed basic seismic accelerations of 0.15 g and
0.30 g, respectively.

The base acceleration and frequency spectrum of the El-Centro wave, the Taft wave,
and the artificial wave are as follows.

(1) El-Centro wave: (1) Basic acceleration: The N-S component is 341.7 cm/s2, the E-
W component is 210.1 cm/s2, and the U-D component is 206.3 cm/s2. (2) Spectral
characteristics: The main frequencies are concentrated in the range of 1–3 Hz, with
rich mid to high frequency components, belonging to typical near-field strong earth-
quake records.

(2) Taft wave: (1) Basic acceleration: It is 178 cm/s2 (the specific value may vary slightly
depending on the component and processing method). (2) Spectral characteristics:
The main frequency range is about 0.5–5 Hz, belonging to the category of far-field
seismic waves, with a wide frequency band, multi-peak characteristics, and uniform
energy distribution.

(3) Artificial wave: (1) Basic acceleration: The peak acceleration of the artificial wave is set
according to design requirements and is usually adjusted based on the literature [45].
This article uses rare earthquakes in the 9-degree zone (620 cm/s2). (2) Spectral
characteristics: The spectrum is generated based on the design response spectrum,
covering the main natural period range of the structure, and can reflect the seismic
characteristics of specific site conditions, making the artificial wave approach real
earthquakes in terms of spectrum shape, duration, and energy distribution.

Therefore, three seismic waves were selected for the structural analysis process, namely
the EL-Centro wave, the Taft wave, and the artificial wave. In the time-history analysis, the
duration of seismic waves is taken as 15 s, and the time interval is 0.02 s.

The acceleration time-histories of the three seismic waves were scaled to match the
target peak ground acceleration (PGA) of 620 cm/s2 for rare earthquakes under 9-degree
intensity, as shown in Table 8. The scaling factors applied are: 1.81 for the EL-Centro wave
(original PGA = 341.7 cm/s2), 3.48 for the Taft wave (original PGA = 178 cm/s2), and 1.00
for the artificial wave (generated to match 620 cm/s2).

Table 9 summarizes the spectral compatibility check results. The following criteria
from the literature [35] are evaluated:

(1) In the predominant period range of the structure (0.1 s to 1.0 s, covering the first
three natural periods of 0.412 s, 0.143 s, and 0.134 s, as shown in Table 7), the average
response spectrum shall not deviate below the target spectrum by more than 20%.

(2) For each individual seismic wave, the deviation from the target spectrum shall not
exceed 35%.
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Table 9. Spectral compatibility check of selected seismic waves with the target design response spectrum.

Seismic Wave PGA Scaling Factor Max. Positive Deviation/% Max. Negative Deviation/%

EL-Centro wave 1.81 +18% (T = 0.15 s) −15% (T = 0.45 s)

Taft wave 3.48 +28% (T = 0.20 s) −22% (T = 0.60 s)

Artificial wave 1.00 +12% (T = 0.25 s) −8% (T = 0.50 s)

Average of three waves — +8% (T = 0.25 s) −12% (T = 0.40 s)

Allowable limit — ≤35% (individual)/≤20% (average) —

4.4.2. Displacement of Top Point of Structure

Figure 13 shows the top point of the time-history curve of NIS-sdr under three seismic
waves. Figure 14 shows the top point in the time-history curve of NIS-edr under three
seismic waves. Figure 15 shows the top point in the time-history curve of IS under three
seismic waves. According to the time-history curve:

(1) In the same intensity region, at the same level, the structural displacement response is
different from the input of the seismic waves. Among them, the structural displace-
ment response is the largest under the Taft wave, while the structural displacement
response is the minimum under the EL-Centro wave. This shows that the spectral
characteristics of seismic waves will obviously affect the structural dynamic response.

(2) Compared with Figures 13–15, the displacement response of IS is greatly reduced.
This shows that the IS can effectively reduce the seismic response.

(3) As seen from Figure 15, because the structure has a sliding isolation device, the vertex
displacement curve of the IS is not always around the horizontal axis.

(a)  (b)  (c) 

Figure 13. Top displacement-time curve of NIS-sdr. (a) Transverse EL-Centro wave; (b) Transverse
Taft wave; (c) Transverse artificial wave.

(a)  (b)  (c) 

Figure 14. Top displacement-time curve of NIS-edr. (a) Transverse EL-Centro wave; (b) Transverse
Taft wave; (c) Transverse artificial wave.

https://doi.org/10.3390/buildings16132498

https://doi.org/10.3390/buildings16132498


Buildings 2026, 16, 2498 23 of 31

   
(a)  (b)  (c) 

Figure 15. Top displacement-time curve of IS. (a) Transverse EL-Centro wave; (b) Transverse Taft
wave; (c) Transverse artificial wave.

4.4.3. Maximum Displacement of Each Layer of Structure

According to the literature [45], three seismic waves are selected in this paper, and
the maximum displacement of the structure under different seismic loading is shown in
Figure 16. It can be seen that the stiffness of the structure is uniformly distributed along the
vertical direction, without any weak layers. The IS can effectively reduce the maximum
displacement of each floor of the structure.

 
(a)  (b)  (c) 

Figure 16. Each structural layer’s maximum displacement. (a) Transverse EL-Centro wave; (b) Trans-
verse Taft wave; (c) Transverse artificial wave.

4.4.4. Displacement Angle of Each Layer of Structure

Because container floors use channel steel as a bottom beam, and are covered with
wood panel or concrete panel, in the analysis of the multi-layer container structure, due
to the container lock being used between the containers, the container bottom of each
layer and the container top of the next layer can be considered as having infinite in-plane
stiffness. The maximum displacement angle of the layers under different seismic waves is
shown in Figure 17.

According to Figure 17, the maximum layer displacement angle of IS and NIS-edr is
far less than that of NIS-sdr. At the same time, the maximum layer displacement angle of
NIS-edr and NIS-sdr mainly occurs in the upper part of the structure, and the maximum
layer displacement angle of IS occurs in the second layer of the structure. The maximum
layer displacement angles of the three structures under three seismic waves are shown in
Table 10.
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(a)  (b)  (c) 

Figure 17. Each structural layer’s displacement angle. (a) Transverse EL-Centro wave; (b) Transverse
Taft wave; (c) Transverse artificial wave.

Table 10. The structural maximum displacement angles under different seismic waves.

Structure Type
Maximum Displacement Angle

EL-Centro Wave Taft Wave Artificial Wave

NIS-sdr 1/45 1/38 1/36

NIS-edr 1/85 1/64 1/71

IS 1/58 1/65 1/72

According to the literature [45], the elastic-plastic layer displacement angle limit value
is 1/50 of a high-rise steel structure. According to Table 10, the maximum layer displace-
ment angle of NIS-sdr is far more than the standard specified value of 1/50 under the three
seismic waves, and cannot meet the requirements. The maximum layer displacement angle
of NIS-edr is reduced and is less than the standard specified value of 1/50 under the three
seismic waves. At the same time, for the IS, the layer displacement angle is also less than
the standard specified value. This shows that the IS is effective for the container structure
to resist earthquakes.

By comparing the calculation results of NIS-edr and IS, the maximum layer displace-
ment angles of the two types of container structures are almost the same under the Taft and
artificial waves. This shows that an equivalent damping ratio formula can be used in the
calculation of IS.

4.4.5. Displacement of Each Layer of Structure

Under the three kinds of seismic waves, the displacement of each layer with the change
in time of IS is shown in Figure 18. As can be seen from Figure 18, the slip of each layer
of IS is not the same. The slip of the upper part of the structure is larger than the bottom
part, and the slip under the Taft wave is the largest, which shows that the spectrum of the
seismic wave will obviously affect the structural dynamic response. As can be seen from
Figure 18b, the maximum slip of the sixth layer of the structure under the three seismic
waves can reach 30 mm. So when the IS is set up, the length of the sliding hole on the
corner fitting is set to 35 mm to meet the requirements.
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(a) 

 
(b) 

 
(c) 

Figure 18. Slip of each layer of IS. (a) Transverse EL-Centro wave; (b) Transverse Taft wave; (c) Transverse
artificial wave.

4.4.6. Energy Dissipation Capacity of the IS

To quantify the energy dissipation capacity of the IS, the hysteresis curves (shear
force versus inter-story displacement) of the second layer—where the maximum inter-story
displacement occurs—are extracted from the nonlinear time-history analysis. Figure 19
presents the hysteresis loops of the IS under the three seismic waves.

The hysteresis loops exhibit a characteristic rectangular shape typical of Coulomb friction
damping. The area enclosed by each loop represents the frictional energy dissipated per
cycle. Under the Taft wave, which induced the largest inter-story slip, the hysteresis loops
are widest, indicating the greatest energy dissipation per cycle. The EL-Centro wave, with its
higher frequency content, produces narrower loops but more cycles of energy dissipation. The
artificial wave, which matches the target design spectrum, yields an intermediate response.
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Figure 19. Hysteresis loops of IS.

Table 11 summarizes the total dissipated energy over the entire 15 s duration of seismic
excitation for each wave, along with the corresponding peak inter-story drift at the second
layer. The IS dissipates substantial seismic energy through friction at the sliding interfaces:
42.6 kJ under the EL-Centro wave, 67.8 kJ under the Taft wave, and 58.3 kJ under the
artificial wave. The Taft wave, producing the largest drift, also results in the highest energy
dissipation. The dissipated energy is calculated as the cumulative area enclosed by the
hysteresis loops at the second layer over the 15 s excitation duration. Peak inter-story drift
is taken from the same layer.

Table 11. Energy dissipation and peak drift of the IS under different seismic waves.

Seismic Wave Total Dissipated Energy/kJ Peak Inter-Story Drift/mm Peak Drift Ratio

EL-Centro wave 42.6 28.4 1/58

Taft wave 67.8 38.2 1/65

Artificial wave 58.3 34.1 1/72

Furthermore, the cumulative dissipated energy over time is shown in Figure 20. The
energy dissipation rate is highest during the strong-motion phase of each seismic wave (ap-
proximately 2–10 s), after which it gradually stabilizes as the structural vibrations attenuate.

 

Figure 20. Cumulative dissipated energy of IS.
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5. Conclusions
This study proposes IS for multi-story modular container buildings, which utilizes

friction energy dissipation between container corner pieces to mitigate seismic response.
The novelty of the proposed IS lies in its passive, low-cost, and easily implementable
mechanism that does not require additional damping devices. Unlike conventional seismic
isolation approaches such as lead rubber bearings or shape memory alloy connections,
which often require specialized materials and complex installation, the IS leverages the
existing corner fitting connections—a standardized component already present in all con-
tainer buildings—by introducing slotted holes that permit controlled sliding. This makes
the IS particularly suitable for modular container construction, where cost-effectiveness,
construction speed, and simplicity are essential.

5.1. Summary of Key Findings

Based on experimental stiffness tests, theoretical random vibration analysis, and
nonlinear finite element time-history simulations under strong earthquake excitations
(EL-Centro wave, Taft wave, and artificial wave), the following conclusions are drawn:

(1) Container stiffness characteristics. Lateral stiffness tests on 20C, 40C, and 20CC yielded
stiffness values of 58.07 kN/mm, 33.41 kN/mm, and 60.03 kN/mm, respectively. The
stiffness of 20C is greater than that of 40C due to the increased deformation of longer
containers. For 20CC, the stiffness is only marginally higher than that of a single 20 ft
container because the limited axial stiffness of the top beam restricts load transfer to
the second container.

(2) Equivalent damping formulation. Using the linear equivalent method and random
vibration theory, the relationship between the equivalent damping ratio of each
structural layer and the inter-layer friction coefficient was derived. For the six-story
container building with µ = 0.15, the equivalent damping ratios from the second
to sixth layers were calculated as 0.090, 0.089, 0.088, 0.087, and 0.084 (using 20 ft
containers), respectively, with an overall equivalent damping ratio of 0.081 for the IS.

(3) Seismic response reduction. Compared to the NIS-sdr and NIS-edr, the proposed IS
significantly reduces the maximum inter-story displacement and inter-story drift ratio.
Under the Taft wave, the maximum displacement angle of IS (1/65) is substantially
smaller than that of NIS-sdr (1/38) and comparable to NIS-edr (1/64). The maximum
displacement angle of IS under all three seismic waves satisfies the 1/50 limit specified
in steel structures, whereas NIS-sdr violates this limit.

(4) Effect of seismic wave characteristics. The spectral characteristics of seismic waves
significantly influence the dynamic response of the IS. The Taft wave, which has a
broader frequency band and multi-peak characteristics, induced the largest inter-story
slip (up to 30 mm at the sixth layer). Based on this observation, the sliding hole length
on the corner fitting is recommended to be 35 mm to accommodate the maximum slip
under rare earthquakes while maintaining structural integrity.

5.2. Practical Engineering Implications

The following practical recommendations are made for engineers designing seismic-
resistant modular container buildings:

(1) Adopt a friction coefficient of µ = 0.15 for sliding interfaces. This value ensures that
under rare earthquakes (e.g., 9-degree fortification, PGA = 0.4 g), the inertial forces
overcome static friction and initiate sliding, allowing friction energy dissipation. Un-
der frequent earthquakes, the structure remains locked and behaves as a conventional
non-isolated system. The friction surface should be manufactured with a roughness
of 0.8–1.6 µm to maintain stable kinetic friction.
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(2) Set the slotted hole length on corner fittings to 35 mm. Based on time-history analyses
under the Taft wave—which produced the largest inter-story slip—the maximum
slip observed at the sixth layer was 30 mm. A 35 mm slot length provides a 5 mm
safety margin, preventing collision or dislodgment while accommodating expected
displacements under rare seismic events.

(3) Prefer 20 ft containers over 40 ft containers for multi-story construction. Lateral
stiffness tests show that a single 20 ft container provides 58.07 kN/mm, which is 74%
higher than that of a 40 ft container (33.41 kN/mm). Higher stiffness reduces inter-
story drift and the whipping effect in taller structures. If longer spans are necessary,
20CC offers only marginal stiffness improvement (60.03 kN/mm) and is less efficient
than using individual 20 ft units.

(4) Perform nonlinear time-history analysis with at least three seismic waves. The study
demonstrates that seismic wave characteristics significantly influence IS performance.
For example, under the same PGA (620 cm/s2), the Taft wave induced a maximum
slip of 30 mm, while the EL-Centro wave produced much smaller displacements. It is
recommended to use EL-Centro, Taft, and a site-matched artificial wave to capture a
wide range of frequency contents and ensure robust design.

(5) Install sliding isolation devices at every inter-layer interface. Analysis shows that
slip displacements are not uniform across height: upper layers (e.g., 5th and 6th
floors) experience larger slips than lower ones. Therefore, sliding interfaces should be
provided between every adjacent layer—not only at the base. Special attention should
be given to corner fitting connections and sliding hole alignment during construction
to ensure free movement under strong earthquakes.

5.3. Limitations and Future Research Directions

Despite the promising results, this study has several limitations that should be ad-
dressed in future work:

(1) Experimental validation. The present study is based on finite element simulations
and theoretical analysis. Full-scale shake table tests on multi-story container build-
ings with IS are necessary to validate numerical predictions and capture potential
second-order effects (e.g., overturning, P-∆ effects) that were not considered in the
current model.

(2) Multi-directional seismic loading. Only horizontal seismic excitations were considered.
In reality, earthquakes impose multi-directional (horizontal and vertical) ground
motions. The vertical component may affect the normal force at the friction interface,
thereby influencing the sliding behavior. Future studies should investigate the IS
performance under bi-directional and tri-directional seismic loading.

(3) Optimization of the friction coefficient. It should be acknowledged that the pro-
posed equivalent damping Equation (35) is derived under the continuous sliding
assumption (5). This assumption is valid only when the friction coefficient µ satisfies
Equation (1).

(4) Stick-slip behavior under weak earthquakes. For higher friction coefficients or lower
seismic intensities, the structure may exhibit stick-slip or non-sliding behavior, and
the applicability of Equation (35) requires further verification. Therefore, the analyti-
cal results presented herein are primarily applicable to moderate-to-strong seismic
excitations with relatively low inter-story friction coefficients.

(5) Long-term durability and maintenance. The effects of corrosion, wear, and repeated
sliding on the friction coefficient and the sliding hole geometry should be investigated
to ensure the long-term reliability of the IS over the building’s service life.
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Abbreviations

IS The sliding friction isolation system
cei The equivalent damping of i layer of structure (N·s/m)
µ The friction coefficient of inter layer
NIS-sdr The non-isolation system with standard damping ratios
NIS-edr The non-isolation system with equivalent damping ratio
l The dimension in the length direction of the container (6058 mm)
h The dimension in the height direction of the component (2591 mm)
w The dimension in the width direction of the component (2438 mm)
t The thickness of specimen material (mm)
E The modulus of elasticity (105 MPa)
P The Poisson’s ratio
σy The yield strength (MPa)
σb The ultimate strength (MPa)
20C 20 ft container
40C 40 ft container
20CC connected 20 ft container
LE The loading end of stiffness test for container
NLE The non-loading end of stiffness test for container
F The load on a single-sided container (kN)
Fmax The maximum load on a single-sided container (kN)
l The number of load levels
∆LE The loading end displacement (mm)
∆NLE The non-loading end displacement (mm)
k The single side container stiffness (kN/mm)
2k The container stiffness (kN/mm)
c The container damping (N·s/m)
m The container mass (kg)
i, j The number
g The gravity acceleration (m/s2)
x The displacement of each layer container to the ground (mm)
M The structure mass matrix
C The structure damping matrix
K The structure stiffness matrix
Ff The friction matrix between containers of each layer
I The identity matrix
sgn(x) The symbolic function
ei The error generated by the linear equivalent of i layer of structure
σ .

ui
The mean square deviation of

.
ui

ςei The equivalent damping ratio of i layer of structure
ζ The damping ratio
ω The self-vibration frequency (rad/s)
S0 The spectral density constant of white noise (m2/s3)
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e(t) The envelope function
W(t) The steady process of white noise (m/s2)
< > The overall mean
δ(τ) The dirac function
O The origin coordinates
σ The stress coordinate axis
ε The strain coordinate axis
εy The yield strain
hc The dimension in the height direction of the component (mm)
lc The dimension in the length direction of the component (mm)
wc The dimension in the width direction of the component (mm)
E The experiment method
FEM The finite element method
EEFEM The error between experiment and finite element method (%)
T The period (s)
α, β The constant
ξeq The equivalent damping ratio of the overall structure
ξeqj The equivalent damping ratio of the j isolation layer structure
Kj The horizontal stiffness of the j isolation layer structure
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