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1. Introduction and Scope

Steel structures have been widely used in civil engineering in recent decades across
applications such as large spatial structures, high-rise buildings, and bridges. With the
development of techniques and economy, steel structures are increasingly popular in
fabricated industry and residential buildings. Modelling and tests are the main methods
for realizing the behaviors of steel structures, including the bearing capacity, the ductility,
the seismic performance, etc. The behaviors of entire structures can be realized, and the
construction method can be proposed in practical engineering.

This Special Issue on the Modelling, Testing, and Practice of Steel Structures provides
an international forum for the presentation and discussion of the latest developments
in structural steel research and their applications. The topics of this issue include the
modelling, testing, and practice of steel structures and steel-based composite structures.

2. Contributions

In this Special Issue, 17 high-quality papers covering a wide range of steel structure
research including modelling, testing, and construction research on material properties,
components, assemblages, connection, and structural behaviors have been published.

Three papers focused on the material properties of structural steel, which presented
investigations on the chemical composition of weld metals [1]; the fracture performances of
SBHS500, SM570, and SM490 steel [2]; and the cyclic performance of structural steels after
exposure to various heating–cooling treatments [3].

Nine papers focused on the mechanical properties of the components and joints of
steel and steel-based composite structures, which presented investigations on shear square
section steel tube dampers [4], diagonally stiffened steel plate walls [5], offshore platform
deck structures [6], ship local structures [7], an L-shaped column composed of RAC-filled
steel tubes [8], corrugated steel plate shear walls [9], partially connected steel plate shear
walls [10], pipe-in-pipe systems [11], and bolted ball-cylinder joints [12].

Four papers focused on the structural behaviors, which presented investigations on the
stability behaviors of a large-span spatial grid arch structure [13], the fatigue performance
of a long-span steel truss arched bridge [14,15], and the structural safety performance of
prestressed steel structures [16].

One paper focused on the planning method for a material-allocation path and the
construction of prestressed steel structures [17].

3. Conclusions and Outlook

Topics such as material properties, the mechanical properties of components and joints,
construction methods, and structural behaviors are covered by this Special Issue, presenting
the latest developments in structural steel research and their applications. As Guest Editors
of this Special Issue, we hope that the reported studies will be useful to researchers in
advancing their respective research.

Metals 2022, 12, 1212. https://doi.org/10.3390/met12071212 https://www.mdpi.com/journal/metals1
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Abstract: To date, scholars’ research on the stability behavior of the arch structure mainly focuses
on solid–web section arches, steel tubular truss arches and concrete-filled steel tubular arches, but
the stability behavior of the novel spatial grid arch structure, which integrates the characteristics
of grid structure and arch structure, is not yet clear. Based on the Eye of the Yellow Sea pedestrian
bridge project in Rizhao, China, the stability behavior of this large-span spatial grid arch structure
was studied, in this paper, by the project’s structure design team. The project is a glass covered
steel arch pedestrian bridge with a span of 177 m, a height of 63.5 m, an elliptical section with a
long axis of 18 m, and a short axis of 13.5 m. The elastic and the nonlinear elasto-plastic stability
behavior considering different initial geometric imperfections, was analyzed by the ABAQUS finite
element model. The buckling modes and the full-range load-displacement curve of the structure were
analyzed, and the stress distribution, deformation mode and overall structural performance during
the whole loading process were analyzed. The effects of initial imperfections, geometric nonlinearity
and material nonlinearity on the ultimate load-carrying capacity of the structure were studied. The
stability behavior of large-span spatial grid arch structure was studied in this paper, which provides
an important reference for the design and analysis of such structures.

Keywords: arch structure; stability behavior; spatial grid arch structure; stability analysis; initial
imperfections; nonlinear factors; ultimate load-carrying capacity

1. Introduction

The arch structure is one of many structural systems, and has a wide range of ap-
plications in building and bridge projects. To date, a large amount of research has been
conducted on the stability behavior of traditional arch structures commonly used in en-
gineering. By using an analytical method, Timoshenko [1] derived the equation of the
in-plane buckling load from the equilibrium differential equation of the pin-ended arch
under uniform compression, which laid the foundation for the theory of the in-plane
stability of the arch. Pi and Bradford [2–9] studied the in-plane nonlinear elastic stability
behavior of circular arches with boundary conditions of hinged, fixed, one hinged and one
fixed, and unequal rotational restraints under a centrally concentrated load. Hodges [10]
studied the nonlinear in-plane deformation and bucking of rings and high arches under
a hydrostatic pressure effect. Sakimoto and Namita [11] investigated the out-of-plane
buckling of solid rib arches braced with transverse bars. By using the principal of stationary
potential energy and Rayleigh–Ritz method, Pi and Bradford [12–23] proposed analytical
solutions for the elastic bending and torsional buckling loads of circular arches with bound-
ary conditions of hinged, fixed and in-plane elastic rotation constraints under concentrated

Metals 2022, 12, 1138. https://doi.org/10.3390/met12071138 https://www.mdpi.com/journal/metals3
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forces, uniform compression and uniform bending. Dou et al. [24] first proposed a method
for solving the shear and torsional stiffness of truss arches, and derived an analytical
solution for the buckling load of lateral bending and torsional instability of truss arches
with fixed restraints under uniform compression and bending based on the energy method.
Guo et al. [25,26] derived elastic support stiffness thresholds for the out-of-plane instability
of truss arches and solid web arches with lateral discrete bracing. By using the finite element
method, Komatsu and Sakimoto [27,28] studied the out-of-plane elasto-plastic buckling
load of a box cross-sectional arch with rise-to-span ratios of 0.1 to 0.2 under a uniform
load. Pi et al. [29–31] studied the out-of-plane elasto-plastic bending–torsional buckling
and post-buckling behavior of H-section steel arches under various loads, introducing the
regularized slenderness ratio and the stability coefficients of axial compression columns or
pure bending beams into the Australian code, and proposed formulas for calculating the
out-of-plane elastic load-carrying capacity of uniformly compressed arches and uniformly
bent arches. Dou et al. [32] investigated flexural–torsional buckling and ultimate resistance
of parabolic steel arches subjected to a uniformly distributed vertical load. Dou et al. [33]
conducted static stability tests of three groups of circular arches with the same span but
different rise-to-span ratios, and the out-of-plane load-carrying capacity of the arch under
3-point symmetric and 2-point asymmetric loading was investigated. The stability behavior
of the novel large-span spatial grid arch structure applied to the Eye of the Yellow Sea
pedestrian bridge has not yet been studied.

1.1. Project Overview

The Eye of the Yellow Sea, which is a glass-covered steel arched pedestrian bridge
with a span of 177 m, a height of 63.5 m, an elliptical section with a long axis of 18 m, and a
short axis of 13.5 m, is located over an estuary in Rizhao, China. The highest part of the
bridge is equipped with a semicircular viewing platform extending to both sides, with a
radius of 9 m and an area of 398 square meters.

1.2. Structure Information

In order to satisfy the experience of visitors passing inside the arch, and the features
of open eyesight and good perspective, a novel spatial grid arch structure was applied to
the Eye of the Yellow Sea large-span arched pedestrian bridge. The structure integrates
the characteristics of grid structure and arch structure, consisting of arch components, ring
components and bracing components, with a grid size of about 4.5 m × 4.5 m. The basic
cross section of the structure is an ellipse with a long axis of 18 m and a short axis of 13.5 m.
The overall structure model is shown in Figure 1.

 

Figure 1. Overall structure model diagram.

As shown in Figure 2, the structure uses circular steel tubes for the arch components,
H-shaped steel for the ring components, and steel tie rods for the bracing components.

4
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Figure 2. Basic cross section of the structure.

2. Finite Element Mode

According to the Eye of the Yellow Sea pedestrian bridge project, the structure model
is divided into eight areas according to the different sizes of components’ sections, and
divided into three load regions according to the value of the vertical loads. Based on
the above partition, the finite element model was established in ABAQUS. As shown
in Figure 3, the component section partition and load partition are illustrated with the
half structure.

Figure 3. Regional division of the structure. Load region is notated as LR in the figure.

In the finite element model, the B31 element was used for the simulation of the ring and
arch components, and the T3D2 truss element was used for the simulation of the bracing
component, and were defined as tensile-only elements. The material’s elastic modulus was
set as 2.06 × 1011 Pa, Poisson’s ratio as 0.3, density as 7.85 × 103 kg/m3, yield strength as
345 MPa, and the material was considered as ideal elasto-plastic. The materials and major
cross section sizes of the ring components, arch components and bracing components for
the different areas are listed in Table 1.
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According to the actual engineering situation, the dead loads (including 3 kN/m2

for platform, deck and stairs, 9 kN/m2 for escalator, and 10 kN/m2 for elevator), and
live loads (including 3.5 kN/m2 for platform, deck and stairs, and 0.5 kN/m2 for roof
maintenance), were counted separately by different load regions, converted into nodal
loads for each region, and added to the finite element model. The loads’ direction was
vertically downward, and the acceleration of gravity was 9.8 m/s2. Model loads are shown
as Figure 4.

Figure 4. Nodal loads and gravity load in the finite element model.

The Merge function was used in the finite element model to create the welded connec-
tion between the components, the MPC Pin was used to simulate the hinge joint constraint,
and the hinged constraint was set at the end of each arch component at the arch feet, as
shown in Figure 5.

 
(a) 

 
(b) (c) 

Figure 5. Finite element model constraint information: (a) Overview; (b) MPC Pin; (c) Hinged constraint.
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3. Stability Behavior Analysis

3.1. Linear Buckling Analysis

Through linear buckling analysis, the elastic buckling load of the structure and the
corresponding buckling modes was obtained to determine the weak regions of the structure.
At the same time, consistent initial geometric imperfections were applied to the structure
according to the buckling modes, which were used as the basis for the nonlinear elasto-
plastic stability analysis of the structure [34]. The first six buckling modes of the structure
under “1.0Dead Load + 1.0Live Load” load combination are shown in Figure 6.

Figure 6. Buckling modes of the structure: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4; (e) Mode 5;
(f) Mode 6.

The elastic buckling loads for each mode are shown in Table 2.

8
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Table 2. Summary of the linear buckling loads.

Modes Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6

Linear buckling load factor * 56.57 75.75 82.89 83.76 84.03 84.19

Symmetry of deformation symmetric anti-symmetric symmetric anti-symmetric symmetric anti-symmetric

* Linear buckling load factor is the ratio of the elastic buckling load to the initial load (1.0Dead Load + 1.0Live Load).

In order to show the buckling mode more clearly, the deformation visualization scale
factor was expanded to three times the original. In the first bucking mode, an overall lateral
displacement out of the arch plane occurred, and the value of the lateral displacement
decreased from the middle of the span to the feet of the arch. In the second bucking
mode, the elliptical arch section of the left 1/4 span was compressed in the direction of
the short axis, and the section of the right 1/4 span was elongated in the direction of the
short axis. In the third bucking mode, the arch sections of both the left and right 1/4 span
were compressed in the direction of the short axis, and the section at each foot of the arch
was slightly bulged. In the fourth bucking mode, the grids at the left and right 1/4 span
underwent large deformation. The fifth and sixth buckling modes were similar to the
fourth, with larger grid deformation in the local area and change of deformation symmetry.

From the third buckling mode, the buckling load gradually became closer in value, and
the buckling mode of the structure transited from the overall buckling to the buckling of the
local region. In the third to sixth buckling mode, the location where buckling occurred was
AREA5&6 of the structure. Compared with other regions, the ring component cross-section
was BH-700 × 300 × 20 × 20, and the arch component cross-section was B.Pipe-600 × 26 in
AREA5&6, both of which were the smallest in cross-sectional dimensions. At the same
time, the maximum axial pressure occurred in these regions as Figure 7 shows, making
them the most likely locations for buckling to occur.

Figure 7. Axial force diagram of Mode 4.

3.2. Nonlinear Elasto-Plastic Stability Analysis

In order to analyze the ultimate load-bearing capacity of this structure more accurately,
the initial geometric imperfections were introduced by the consistent mode imperfection
method in the nonlinear elasto-plastic stability analysis. The initial geometric imperfection
distribution was adopted from the first buckling mode of the structure, and the amplitude
was taken as 1/300 of the span, respectively [35]. The full-range elasto-plastic analysis of
the structure was carried out considering both geometric and material nonlinearities.

In the first buckling mode of linear buckling analysis, the point with maximum
displacement was located in the middle of the structure, and the vertical displacement at
this point was extracted as representative of the structural deflection in the elasto-plastic full-
range analysis. The vertical axis was the load proportionality factor (LPF) of the structure,
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which is the ratio of the actual load to the initial load (1.0Dead Load + 1.0Live Load). The
load-displacement curve of elasto-plastic full-range analysis is shown as Figure 8.

Figure 8. The load-displacement curve of elasto-plastic full-range analysis.

The stress distribution of the structure is shown in Figure 9. When the curve reached
point A, the load reached 3.39 times the initial load (LPF = 3.39) and the vertical deflection
of the structure was 0.479 m. The arch components in the upper part of the structure’s
middle section, the lower part of the 1/4 span section, and some at the feet of the structure,
started to reach plasticity. As the load-displacement curve was linear, the overall structure
was in the elastic stage in the stage O–A, and the structural stiffness was large.

Subsequently, the structure could still continue to carry the load, and the plastic
range developed further with the increase in load, weakening the stiffness of the overall
structure. The arch components and a few ring components at the middle and 1/4 span of
the structure entered plasticity, and four more arch components at each foot of the structure
reached plasticity. When the load reached 3.72 times the initial load, the structure reached
the elasto-plastic ultimate load-bearing capacity and buckled, and the vertical deflection
of the structure was 1.363 m. At this stage, most of the arch and ring components at the
middle and 1/4 span of the structure reached plasticity, and all the arch components at the
feet of the arch entered plasticity.

After buckling, the load decreased, with the displacement increasing rapidly, the
structure as a whole was still in the compression and bending state, and the plastic range
continued to increase, such as the stress and displacement pattern at point C. At this stage,
most of the arch components reached plasticity, and the number of ring components that
reached plasticity in the middle of the span, 1/4 span, and at the feet, continued to increase,
and the plastic range became larger.

When the load continued to be applied, the vertical displacement of the structure
increased rapidly. The structure as a whole gradually changed from compression and
bending state, to tension and bending state. The tension edge of the structure reached
the yield stress while the compression yield region gradually decreased, and the structure
reached the reverse equilibrium state at point D. At this stage, the load was 0.57 times
the initial load, and the structural deflection was 40.74 m. After point D, the bearing
capacity of the structure was increasing. As the structure, as a whole, was in the tension
and bending state, the compression yield region continued to decrease and the tensile yield
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region continued to increase, as shown in the Figure 9e. Although the simulation results
show that the structure still has load carrying capacity, the state is no longer meaningful
in engineering.

(a) 

(b) 

(c) 

Figure 9. Cont.

11



Metals 2022, 12, 1138

(d) 

(e) 

Figure 9. Stress distribution of the structure: (a–e) corresponds to the stage at point A–E in the
load-displacement curve.

4. Analysis of the Factors Influencing Stability Bearing Capacity

4.1. Influence of Initial Geometric Imperfections

The actual engineering structure inevitably had various initial imperfections, including
production and installation deviations and initial eccentricity of members to nodes, initial
stresses caused by various reasons, etc. In order to study the influence of initial geometric
imperfections on the structure’s stability bearing capacity, four finite element models
with initial geometric imperfection amplitudes of 1/100, 1/300, 1/500, and 1/1000 of the
structure span, and one without geometric imperfection, were established. Both geometric
nonlinearity and material nonlinearity were considered. The first buckling mode was
chosen as the geometric initial imperfection distribution of the structure. Because the
structural deformation pattern, according to this mode, was in the minimum potential
energy state, there was a tendency for deformation along this mode at the initial load
applying stage for the structure [35]. If the imperfection distribution of the structure was
in the same form as the first buckling mode, it would have the most adverse effect on the
structural load-bearing performance.

In the first buckling mode of linear buckling analysis, the point with maximum
displacement was located in the middle of the structure, and the vertical displacement at
this point was extracted as a representative of the structural deflection in the elasto-plastic
full-range analysis. The vertical axis was the LPF of the structure. Figure 10 shows the
load-displacement curves of full-range analysis with different initial imperfections.
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Figure 10. Load-displacement curves of full-range analysis with different initial imperfections.

It can be seen from Figure 10 that the load-displacement curves of the models with
initial imperfections of 1/1000, 1/500 and 1/300 almost coincided with that of the model
without imperfections. Only the ultimate load of the model with initial imperfections of
1/100 (LPF = 3.70) was slightly different from that of the model without imperfections
(LPF = 3.72), while the imperfection maximum value reached 1.77 m, which is far beyond
the actual construction-allowed range. It can be concluded that the construction error
allowed in the project has a very small effect on the stability bearing capacity of the
structure. At the same time, as the value of imperfection increases, the ultimate load-
bearing capacity decreases, and deviations should be minimized during the construction of
the structure.

4.2. Influence of Nonlinear Factors

In order to study the effects of material nonlinearity and geometric nonlinearity on
the ultimate load-carrying capacity of the structure, the full-range analysis of the structure
considering only geometric nonlinearity and only material nonlinearity was carried out
separately and compared with the results of elasto-plastic stability analysis of the structure.
The load-displacement curves of the structure are shown as Figure 11.

The load proportionality factor (LPF) gradually increased from 0 to point a (LPF = 3.39),
during which the A, B and C curves coincide, illustrating that the structure is in the
elastic stage.

The elastic stability behavior of the structure with large deformation can be obtained
from load-displacement curve A, considering only the geometric nonlinearity, that the
structure does not have an elastic ultimate load. By analyzing the stress and deformation of
the structure, it was found that although the mid span area of the structure was most likely
to buckle, the area was dominated by bending deformation. With the load increasing, the
structure continued to bend downward, and its deformation mode and equilibrium mode
remained unchanged. Therefore, it will continue to bear the load without buckling, and the
cross-sectional stresses of the member in some areas have long exceeded the elastic limit.
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Figure 11. Load-displacement curves of full-range analysis with different nonlinear factors.

The elasto-plastic stability behavior of the structure with small deformation can be
obtained from load-displacement curve B, considering only material nonlinearity, that the
arch and ring components at the middle and 1/4 span, as well as the arch components at the
feet, gradually reach plasticity with LPF increasing from 3.39 (point a) to 4.0 (point b). At
this stage, the structural behavior is similar to the one considering both material nonlinearity
and geometric nonlinearity, and curve B is slightly higher than curve C. The plasticity range
gradually increases, and the LPF of curve B does not decrease. While the displacement
keeps increasing, the load-displacement curve tends to be horizontal, and the behavior
of the overall structure is nearly plastic at this stage. Since the geometric nonlinearity
was not considered, the structure was still calculated according to the small deformation
assumption, and its deformation mode did not change. Unlike the load-displacement curve
C which considered both material nonlinearity and geometric nonlinearity, there is no
descending portion in curve B.

The LPF corresponding to the ultimate load, considering only material nonlinearity,
was 4.22, and the one considering material nonlinearity and geometric nonlinearity was
3.72. The influence of geometric nonlinearity on the ultimate bearing capacity of the struc-
ture was about 11.8%. The ultimate load-carrying capacity of the structure is sensitive
to material nonlinearity, and a full-range analysis of the structure considering only geo-
metric nonlinearity will seriously overestimate the ultimate load-carrying capacity of the
structure, which would be unsafe for the engineering project. In summary, to evaluate the
ultimate load-carrying capacity of the structure, both material nonlinearity and geometric
nonlinearity should be considered.

5. Conclusions

In this paper, the elastic and elasto-plastic stability behavior considering the initial
geometric imperfections of the large-span spatial grid arch structure based on Eye of
the Yellow Sea project were analyzed, and the buckling mode as well as the full-range
load-displacement curve of the structure were obtained. The full-range stress distribution,
deformation mode and overall performance of the structure were studied. The influence of
initial geometric imperfections and nonlinearities on the structural ultimate load-carrying
capacity were investigated. The following main conclusions were obtained:

(1) In the first bucking mode, an overall out-of-plane lateral displacement occurred in
the middle area of the span. The locations of maximum stress and deformation of
the bucking modes 2~6 were at the left and right 1/4 span of the structure. The
linear buckling load became progressively closer from bucking mode three, and the
locations where buckling occurred were located in the 1/4 span local area, where
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the component cross-sectional dimensions were the smallest. The maximum axial
pressure occurred in these areas, making them the most likely locations for buckling
to occur;

(2) The full-range analysis considering geometric nonlinearity, material nonlinearity and
initial imperfections showed that with the change of load, the structure went through
the elastic stage, plastic development stage, the stage of buckling when the ultimate
load was reached, the stage of displacement increasing rapidly while the load-carrying
capacity was decreasing rapidly, and the stage of reverse equilibrium;

(3) When the initial geometric imperfection amplitude was set as 1/1000, 1/500, and
1/300 of the span, the stability behavior of the structure was almost unaffected. Only
when the initial imperfection was 1/100 of the span, the ultimate load of the structure
was reduced by 0.54%;

(4) The influence of geometric nonlinearity on the ultimate bearing capacity of the struc-
ture was 11.8%;

(5) The ultimate load-carrying capacity of the structure is sensitive to material nonlinear-
ity. Considering only geometric nonlinearity will seriously overestimate the ultimate
bearing capacity of the structure, which would be unsafe for the project. To evaluate
the ultimate load-carrying capacity of the structure, both material nonlinearity and
geometric nonlinearity should be considered.

Author Contributions: Conceptualization, Z.C. and X.W.; methodology, Z.C., X.W., H.L. (Hongbo
Liu) and H.L. (Hao Lin); software, H.L. (Hao Lin); formal analysis, H.L. (Hao Lin); validation, H.L.
(Hao Lin), K.K. and M.M.; investigation, H.L. (Hao Lin), K.K. and M.M.; writing—original draft
preparation, H.L. (Hao Lin); writing—review and editing, Z.C., X.W., H.L. (Hongbo Liu) and H.L.
(Hao Lin); project administration, Z.C. and X.W.; funding acquisition, H.L. (Hongbo Liu). All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Hebei Province Full-time Top-level Talents Introduction
Project, grant number [2020HBQZYC013].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Special thanks to the Institute of Steel Structures, Department of Civil Engineer-
ing, Tianjin University, for the help and support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Timoshenko, S.P.; Gere, J.M. Theory of Elastic Stability, 2nd ed.; Dover Publications, Inc.: New York, NY, USA, 2009; pp. 297–302.
2. Pi, Y.L.; Bradford, M.A.; Uy, B. In-Plane Stability of Arches. Int. J. Solids Struct. 2002, 39, 105–125. [CrossRef]
3. Bradford, M.A.; Uy, B.; Pi, Y.-L. In-Plane Elastic Stability of Arches under a Central Concentrated Load. J. Eng. Mech. 2002, 128,

710–719.
4. Pi, Y.L.; Bradford, M.A.; Tin-Loi, F. Nonlinear Analysis and Buckling of Elastically Supported Circular Shallow Arches. Int.

J. Solids Struct. 2007, 44, 2401–2425. [CrossRef]
5. Pi, Y.L.; Bradford, M.A.; Tin-Loi, F. Non-Linear in-Plane Buckling of Rotationally Restrained Shallow Arches under a Central

Concentrated Load. Int. J. Non-Linear Mech. 2008, 43, 1–17. [CrossRef]
6. Pi, Y.L.; Bradford, M.A. Non-Linear in-Plane Postbuckling of Arches with Rotational End Restraints under Uniform Radial

Loading. Int. J. Non-Linear Mech. 2009, 44, 975–989. [CrossRef]
7. Pi, Y.L.; Bradford, M.A. Non-Linear in-Plane Analysis and Buckling of Pinned-Fixed Shallow Arches Subjected to a Central

Concentrated Load. Int. J. Non-Linear Mech. 2012, 47, 118–131. [CrossRef]
8. Pi, Y.L.; Bradford, M.A. Nonlinear Elastic Analysis and Buckling of Pinned-Fixed Arches. Int. J. Mech. Sci. 2013, 68, 212–223.

[CrossRef]
9. Pi, Y.L.; Bradford, M.A. Nonlinear Analysis and Buckling of Shallow Arches with Unequal Rotational End Restraints. Eng. Struct.

2013, 46, 615–630. [CrossRef]
10. Hodges, D.H. Non-linear inplane deformation and buckling of rings and high arches. Int. J. Non-Linear Mech. 1999, 34, 723–737.

[CrossRef]

15



Metals 2022, 12, 1138

11. Sakimoto, T.; Namita, Y. Out-Of-Plane Buckling of Solid Rib Arches Braced with Transverse Bars. Proc. Jpn. Soc. Civ. Eng. 1971,
191, 109–116. [CrossRef]

12. Pi, Y.L.; Bradford, M.A. Elastic flexural–torsional buckling of fixed arches. Q. J. Mech. Appl. Math. 2004, 57, 551–569. [CrossRef]
13. Pi, Y.L.; Bradford, M.A. Effects of Prebuckling Deformations on the Elastic Flexural-Torsional Buckling of Laterally Fixed Arches.

Int. J. Mech. Sci. 2004, 46, 321–342. [CrossRef]
14. Pi, Y.L.; Bradford, M.A.; Trahair, N.S.; Chen, Y.Y. A further study of flexural-torsional buckling of elastic arches. Int. J. Struct. Stab.

Dyn. 2005, 5, 163–183. [CrossRef]
15. Pi, Y.L.; Bradford, M.A.; Chen, Y.Y. An equilibrium approach for flexural-torsional buckling of elastic arches. Adv. Steel Constr.

2005, 1, 47–66.
16. Bradford, M.A.; Pi, Y.L. Flexural-Torsional Buckling of Fixed Steel Arches under Uniform Bending. Proc. J. Constr. Steel Res. 2006,

62, 20–26. [CrossRef]
17. Bradford, M.A.; Pi, Y.L. Elastic Flexural-Torsional Buckling of Circular Arches under Uniform Compression and Effects of Load

Height. J. Mech. Mater. Struct. 2006, 1, 1235–1255. [CrossRef]
18. Pi, Y.L.; Bradford, M.A.; Tin-Loi, F. Flexural-Torsional Buckling of Shallow Arches with Open Thin-Walled Section under Uniform

Radial Loads. Thin-Walled Struct. 2007, 45, 352–362. [CrossRef]
19. Bradford, M.A.; Pi, Y.L. Elastic Flexural-Torsional Instability of Structural Arches under Hydrostatic Pressure. Int. J. Mech. Sci.

2008, 50, 143–151. [CrossRef]
20. Pi, Y.L.; Bradford, M.A.; Tong, G.S. Elastic Lateral-Torsional Buckling of Circular Arches Subjected to a Central Concentrated

Load. Int. J. Mech. Sci. 2010, 52, 847–862. [CrossRef]
21. Bradford, M.A.; Pi, Y.L. A New Analytical Solution for Lateral-Torsional Buckling of Arches under Axial Uniform Compression.

Eng. Struct. 2012, 41, 14–23. [CrossRef]
22. Pi, Y.L.; Bradford, M.A. Lateral-Torsional Elastic Buckling of Rotationally Restrained Arches with a Thin-Walled Section under a

Central Concentrated Load. Thin-Walled Struct. 2013, 73, 18–26. [CrossRef]
23. Pi, Y.L.; Bradford, M.A. Lateral-Torsional Buckling Analysis of Arches Having In-Plane Rotational End Restraints under Uniform

Radial Loading. J. Eng. Mech. 2013, 139, 1602–1609. [CrossRef]
24. Dou, C.; Guo, Y.L.; Zhao, S.Y.; Pi, Y.L.; Bradford, M.A. Elastic Out-of-Plane Buckling Load of Circular Steel Tubular Truss Arches

Incorporating Shearing Effects. Eng. Struct. 2013, 52, 697–706. [CrossRef]
25. Guo, Y.-L.; Zhao, S.-Y.; Bradford, M.A.; Pi, Y.-L. Threshold Stiffness of Discrete Lateral Bracing for Out-of-Plane Buckling of Steel

Arches. J. Struct. Eng. 2015, 141, 04015004. [CrossRef]
26. Guo, Y.L.; Zhao, S.Y.; Dou, C. Out-of-Plane Elastic Buckling Behavior of Hinged Planar Truss Arch with Lateral Bracings. J. Constr.

Steel Res. 2014, 95, 290–299. [CrossRef]
27. Komatsu, S.; Sakimoto, T. Ultimate Load Carrying Capacity of Steel Arches. J. Struct. Div. 1977, 103, 2323–2336. [CrossRef]
28. Sakimoto, T.; Komatsu, S. Ultimate Strength Formula for Steel Arches. J. Struct. Eng. 1983, 109, 613–627. [CrossRef]
29. Pi, Y.L.; Trahair, N.S. Out-of-Plane Inelastic Buckling and Strength of Steel Arches. J. Struct. Eng. 1998, 124, 174–183. [CrossRef]
30. Pi, Y.L.; Trahair, N.S. Inelastic lateral buckling strength and design of steel arches. Eng. Struct. 2000, 22, 993–1005. [CrossRef]
31. Pi, Y.L.; Bradford, M.A. Out-of-Plane Strength Design of Fixed Steel I-Section Arches. J. Struct. Eng. 2005, 131, 560–568. [CrossRef]
32. Dou, C.; Guo, Y.-L.; Pi, Y.-L.; Zhao, S.-Y. Flexural-Torsional Buckling and Ultimate Resistance of Parabolic Steel Arches Subjected

to Uniformly Distributed Vertical Load. J. Struct. Eng. 2014, 140, 04014075. [CrossRef]
33. Dou, C.; Guo, Y.-L.; Zhao, S.-Y.; Pi, Y.-L. Experimental Investigation into Flexural-Torsional Ultimate Resistance of Steel Circular

Arches. J. Struct. Eng. 2015, 141, 04015006. [CrossRef]
34. Chen, Z.; Xu, H.; Zhao, Z.; Yan, X.; Zhao, B. Investigations on the Mechanical Behavior of Suspend-Dome with Semirigid Joints.

J. Constr. Steel Res. 2016, 122, 14–24. [CrossRef]
35. Liu, H.; Ding, Y.; Chen, Z. Static Stability Behavior of Aluminum Alloy Single-Layer Spherical Latticed Shell Structure with

Temcor Joints. Thin-Walled Struct. 2017, 120, 355–365. [CrossRef]

16



Citation: Liu, P.; Chen, Y.; Lu, H.;

Zhao, J.; An, L.; Wang, Y.; Liu, J.

Fatigue Analysis of Long-Span Steel

Truss Arched Bridge Part I:

Experimental and Numerical Study

of Orthotropic Steel Deck. Metals

2022, 12, 1117. https://doi.org/

10.3390/met12071117

Academic Editors: Zhihua Chen,

Hanbin Ge, Siu-lai Chan and Manuel

José Moreira de Freitas

Received: 30 April 2022

Accepted: 27 June 2022

Published: 29 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metals

Article

Fatigue Analysis of Long-Span Steel Truss Arched Bridge Part I:
Experimental and Numerical Study of Orthotropic Steel Deck

Peng Liu 1, Yixuan Chen 1, Hongping Lu 1, Jian Zhao 2, Luming An 2, Yuanqing Wang 3 and Jianping Liu 1,*

1 School of Architecture and Civil Engineering, Shenyang University of Technology, Shenyang 110870, China;
pliu@sut.edu.cn (P.L.); cyx980201@163.com (Y.C.); lhp19971008@163.com (H.L.)

2 China Railway Bridge Engineering Group Co., Ltd., Beijing 100039, China; zhaojianll@126.com (J.Z.);
anluming@stdu.edu.cn (L.A.)

3 School of Civil Engineering, Tsinghua University, Beijing 100084, China; wang-yq@mail.tsinghua.edu.cn
* Correspondence: liujianping024@163.com

Abstract: The orthotropic steel deck is sensitive to fatigue, and a number of cracks have been found
in existing bridges. Based on the long-span Guangzhou Mingzhu Bay steel arched bridge, this
paper focus on the cracking process, fatigue mechanism, and fatigue performance evaluation of an
orthotropic steel bridge deck under traffic load. A finite element model of a three-U-rib and three-
span bridge deck was first established to investigate the stress state and the most unfavorable wheel
loading position under the longitudinal wheel load. Then, four full-scale single-U-rib specimens were
fabricated with high-strength lower alloy structural steel Q370qD in compliance with construction
standards. High-cycle loading was subsequently implemented according to the Specification for
Design of Highway steel bridge (JTG D64-2015), and the crack initiation, propagation process, and
fatigue failure modes were studied. The results showed the stress at structural concern points is
larger than in other locations, which was located around 35 mm from the welding seam of the U-rib
and the lower end of the diaphragm plate. The Mingzhu Bay steel bridge deck meets the fatigue
design requirements. However, the bottom of the welding seam between the U-rib and diaphragm
plate is a dangerous fatigue position, and attention should be paid to the welding quality at this
position during construction.

Keywords: orthotropic steel deck; crack propagation; fatigue performance; finite element

1. Introduction

Orthotropic steel decks (OSD) are composed of orthotopically deck plates stiffened
by longitudinal ribs and transverse diaphragms, which are widely used in various types
of large- and medium-sized long-span steel bridges due to the benefits of a high bearing
capacity, light weight, and short construction period [1–6]. In the past decades, this type of
steel deck has been improved in terms of design, fabrication, and maintenance, and the
structural behavior has been enhanced. However, as the orthotropic steel decks withstand
high-level cycles of traffic load, fatigue cracks may occur at the weld connection or other
points of stress concentration points, which will seriously affect traffic safety [7–10].

In a literature review, it was found that many studies have been conducted on fatigue
performance assessment and prediction models [11–16]. These models were generally
based on fracture mechanics and cumulative damage theories. For example, Wu et al. [17]
considered the influence of the crack closure effect on metals’ mechanical properties and
established a mathematical model for fatigue life prediction based on the law of metal
fatigue characteristics. Macek et al. [18] proposed a mixed-mechanics measurement method
to determine the three-dimensional port damage of specimens with fatigue bending load-
ing history. Furthermore, the fatigue performance evaluation methods of a steel bridge
deck mainly include the nominal stress method, hot spot stress method, and notch stress
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method [19–23]. The nominal stress method is convenient for calculation and engineering
applications, which are widely adopted in bridge specifications [24–27].

Since the design, fabrication, and construction details of orthotropic steel decks are
varied from the bridge, the fatigue performance analysis of bridges is generally based on
the specific bridge [28]. Many efforts have been made to investigate the fatigue performance
of orthotropic steel decks. Zeng et al. [29] conducted 1:2 scale fatigue experiments on the
orthotropic steel bridge panel; the design life cycle loading was applied. It was concluded
that the bridge met the design requirements and had a certain safety reserve during the
service. Huang et al. [30] carried out fatigue tests and theoretical studies on the steel bridge
deck of the Yangtze River Bridge under heavy traffic loads to evaluate the fatigue life. The
results showed that the initial crack depth was sensitive to fatigue life evaluation. Deck
plates, U-ribs, and transverse diaphragms are the load-bearing components and are the
main sources of bridge deck stiffness and stability. However, the joints of longitudinal
ribs, the deck plate, the transverse diaphragm, and the structural details of the transverse
diaphragm are prone to fatigue cracking [31]. Cao et al. [32] analyzed the fatigue perfor-
mance of the Jiangyin Yangtze River Bridge, the finite element model was established, and
the influence of residual welding stress and vehicle load stress on the fatigue performance
of the bridge deck was studied. The results showed that the steel deck thickness is relevant
to the fatigue life of orthotropic steel decks. At the same time, Zhong et al. [33] analyzed
the fatigue life of the Jiangyin Yangtze River Bridge. A coupling stress analysis FE model
was established that considered the residual welding stress and vehicle load. The results
showed that the residual tensile stress at the weld position was superimposed on the cyclic
tensile stress of the main vehicle load, and the longitudinal stress relaxation exceeded the
peak vehicle load stress. Ji et al. [34] employed traffic monitoring data to establish a load
model to evaluate the root-deck fatigue durability of the Taizhou Bridge. Cheng et al. [35]
analyzed the FE model of the Balinghe Bridge under traffic load, and the results showed
that fatigue cracks initiated at the arc opening and extended to the welded seam of the
diaphragm plate. A health detection plan was proposed. Yang et al. [36] established the
finite element model of the Taizhou Yangtze River Bridge. The stress amplitude and fatigue
damage of the steel bridge deck were studied. The stress state of the diaphragm under the
lateral distribution of wheel load was obtained. It was shown that the stress amplitude
of the diaphragm increased with the increase in the diaphragm spacing. Zeng et al. [37]
established a 1:2 scale experiment of an orthotropic steel bridge deck under fatigue loading;
it was found that with good welding quality and standard maintenance, the orthotropic
steel bridge deck would not develop fatigue cracks during its life service.

Although scholars have completed a lot of studies on the fatigue properties of metal
materials and orthotropic steel bridge decks, due to the differences in materials, designs,
and construction details, it is still necessary to conduct numerical and experimental studies
on the fatigue performance of specific long-span steel bridge decks in order to ensure safety
during their service. Therefore, this study is based on the Mingzhu Bay steel truss arched
bridge. A finite element model of a bridge deck was first established to investigate the stress
state and the most unfavorable loading position. Four single U-rib specimens were used
to investigate the crack initiation, propagation process, and fatigue failure modes. Finally,
the fatigue performance of the steel deck was evaluated according to the specifications.
Figure 1 shows the flow chart of this paper.
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Figure 1. Flow chart.

2. Project Summary

The Mingzhu Bay Bridge main bridge adopts (96 + 164 + 436 + 164 + 96 + 60) m = 1016 m
span continuous steel truss bridge [38]. The main span of the main bridge is three arched
truss structures; the truss spacing is 18.1 m, the side truss height is 10.369 m, the middle
truss height is 10.685 m, and the side span and the second side span are flat truss structures.
The side span and the main arch rib are “N”-type trusses. The layout of the Mingzhu Bay
Bridge is shown in Figure 2.

 

Figure 2. General layout of Guangzhou Mingzhu Bay Bridge.

The steel deck of the Mingzhu bay Bridge adopts a double-deck arrangement, as
illustrated in Figure 3. The upper deck is a two-way, eight-lane highway with sidewalks on
both sides. The total width of the main bridge deck is 43.2 m. An orthotropic steel deck
with a thickness of 16 mm and a u-shaped closed rib with a spacing of 600 mm are adopted.
A diaphragm is provided every 3 m longitudinally and bolted with the upper chord.

 

Figure 3. Deck arrangement (unit: mm).
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3. Finite Element Model

3.1. Materials

A finite element model of the 3 spans and 3 U-ribs was established using Abaqus
software (2016, Dassault SIMULIA, Paris, France). The FE model was 9 m long from the
longitudinal direction and 1.5 m wide from the transverse direction. Solid element C3D8
was employed. The elastic modulus of the plate was 206 GPa, and the Poisson’s ratio was
0.3. The fixed constraint was applied at the bottom of the diaphragm plate. The steel deck
of Mingzhu Bay Bridge is made of Q370qD. The chemical composition and mechanical
properties are shown in Tables 1 and 2.

Table 1. The chemical composition of Q370qD (%) [39].

C Si Mn P S Als Nb V Ti N

≤0.14 ≤0.55 1.00–1.60 ≤0.020 ≤0.010 0.010–0.045 0.10–0.090 0.010–0.080 0.006–0.030 ≤0.0080

Table 2. The mechanical properties of Q370qD.

Thickness (mm) Yield Strength (MPa) Tensile Strength (MPa) Elongation after Fracture (%) T (◦C)

≤50
50–100

≥370
≥360 ≥510 20 −20

−40

3.2. Loading

To investigate the stress state and the most unfavorable wheel loading position, three
loading conditions were considered, and the stress state of the bridge deck was analyzed.
The details were as follows: (1) from the transverse direction, three wheel-loading positions
were across the U-ribs, on the U-ribs, and between the U-ribs; (2) from the longitudinal
direction, two loading positions were on middle span and OSD diaphragm. The details are
shown in Figure 4.

The vehicle load index was obtained from specification (JTG D64-2015) [25]. The
pavement layer was 55 mm, and taking the projected area from angle of 45◦, the wheel
loading area is (7.1 × 3.1) m2, and the single wheel load is 120 kN. Hence, a single wheel’s
loading pressure on the bridge deck is 0.2726 GPa.

3.3. FE Analysis

The results of FE model under mid-span and diaphragm wheel loading are shown
in Figure 5. It was observed that the maximum stress points were always located at the
welding joint of the U-ribs and transverse diaphragm. Since this area is prone to fatigue
cracks under cyclic load, this location is taken as the area of concern.
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(1) 

 
(2) 

Figure 4. Wheel loading positions. (1) Wheel load in the transverse direction (unit: mm); (2) wheel
load in the longitudinal direction (unit: mm).

  
(1) (2) 

Figure 5. Stress state of the bridge deck (unit: MPa). (1) Mid-span loading; (2) diaphragm loading.

The stress state results of FE model are listed in Table 3.
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Table 3. Stress results of FE model.

Transverse Loading Positions
Longitudinal

Loading
Positions

Stress Output Sx (MPa) Sz (Mpa) Mises (Mpa)

Across the U−ribs
Mid−span Min −32.28 −24.03 2.132

Max 35.84 44.41 86.96

Diaphragm Min −17.17 −13.73 1.90
Max 30.06 10.28 103.9

On the U−ribs
Mid−span Min −27.93 −29.38 1.902

Max 48.57 39.87 104.6

Diaphragm Min −27.62 −17.76 6.73
Max 41.23 14.67 101.4

Between the U−ribs
Mid−span Min −31.10 −24.46 2.049

Max 37.45 46.31 92.29

Diaphragm Min −28.58 −16.09 5.201
Max 36.87 11.22 101.1

Using stress-state data in the Table 3, we can see that the maximum stress is 104.6 MPa,
while the most unfavorable wheel loading position was on the U-ribs of mid-span loading.

4. Fatigue Tests

4.1. Specimen Design

Based on the FE analysis, a single U-rib was selected for the fatigue specimen, and
the loading was on the U-rib. The fatigue specimen design was fabricated according to
the design of the Mingzhu Bay bridge; the height and length were 560 mm and 600 mm,
respectively. The thickness of the bridge deck was 16 mm; the welded seam was 8 mm in
width. An extra steel pad and stiffener were welded to the bottom to maintain the stability
of the loading. The steel grade was Q370qD, and the welding wire and process were the
same as the Mingzhu Bay Bridge. The dimension details are shown in Figure 6.

Figure 6. Schematic diagram of specimen (unit: mm).

4.2. Static Loading

The objective of static loading was to validate the FE model, which was a three-span,
three-U-rib OSD structure. Since the fatigue wheel load was in the elastic range, the static
loading and unloading procedure involved 50 kN increments to 350 kN and decreases
to 50 kN. The strain gauges were distributed at the concerning points. The strain gauge
arrangement is shown in Figure 7.
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Figure 7. Strain gauge arrangement.

The strain was converted, and the comparisons between tests and the FE model are
shown in Figure 8.

 
(1) (2) 

 
(3) (4) 

Figure 8. Stress comparison between test and FE model. (1) Strain gauge 1; (2) strain gauge 2;
(3) strain gauge 3; (4) strain gauge 4.

It can be seen from the Figure 8 that the stress state and distribution between the FE
model show great agreement with the test data.
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4.3. Fatigue Loading

An MTS hydraulic fatigue test machine (Mechanical Testing & Simulation, Eden, MN,
USA) was used for the fatigue test loading, as shown in Figure 9. The cyclic load was
120 kN with an amplitude of 80 kN and 100 kN, and the cyclic frequency was 5 Hz.

 

Figure 9. Fatigue loading of specimens.

The fatigue test results and failure mode of the specimen are listed in Table 4 and
Figure 10.

Table 4. Fatigue test results.

Specimen Number Load Amplitude (kN) Cycle-Index Crack Location

1 80 3,534,047 The bottom welding seam between U-rib and diaphragm
2 80 3,634,208 The welding seam between U-rib and diaphragm
3 100 3,065,567 The welding seam between U-rib and diaphragm
4 100 3,062,353 The welding seam between U-rib and diaphragm

 

Figure 10. Failure mode of specimens.

It can be seen from Table 4 and Figure 10 that the cracks initialed at the concerned area
of welded toe 1 and extended to both sides of the weld seam at three million cycles. The
crack was about 2 mm wide and 20 mm long.

5. Fatigue Performance and Discussion

The fatigue performance of OSD is dependent on a variety of different parameters,
such as the steel grade, welding quality, traffic load conditions, and design. It has been
generally accepted that stress amplitudes under certain values, and the fatigue life could

24



Metals 2022, 12, 1117

be treated as infinite. A high stress state or concentration increases the potential of fatigue
cracks. Hence, the fatigue cracks were usually found at a higher stress state position around
welding seams in the real construction. In other words, a higher stress state under the most
unfavorable wheel load condition should receive more attention. For the FE model of the
steel deck, the stress was extracted from A to B, as shown in Figure 11a. Stress values at
toe 1, toe 2, and the welding root are shown in Figure 11b.

 
(a) (b) 

Figure 11. Area of concern and welded seam stress. (a) Schematic diagram of welded seams;
(b) seam stress.

From A to B, the stress of the welding seam decreased gradually, and the stress at
toe 1 and toe 2 was 180 MPa and 130 MPa, which was located 35 mm and 55 mm at the
lower end of the U-rib and diaphragm. The stress of the welding root was around 80 MPa
and was distributed evenly from A to B, which indicates that the potential fatigue crack
area was at weld toe 1 35–55 mm from the arc cut-out location.

As seen in the experiment’s phenomena, fatigue cracks also occurred at the weld-
ing seam between the U-rib and diaphragm, which were around the arc cut-out area of
OSD. The fatigue cycles of all specimens were over two million in number and met the
specification requirement.

6. Conclusions

In this paper, based on the Mingzhu Bay steel arch bridge, the fatigue performance of
an orthotropic steel deck was studied through numerical and experimental analysis. The
following conclusions were obtained: the fatigue crack was initialed at the point of concern,
which was located 35–55 mm from the welding position at the lower end of the U-rib and
diaphragm and then expanded along the weld to both sides. The crack was about 2 mm
wide and 20 mm long at three million load cycles. The fatigue cycles of the specimens
exceeded two million in number and satisfied the Specification for Design of Highway
Steel Bridge (JTG D64-2015). The bridge deck of the Mingzhu Bay Bridge meets the fatigue
requirements, but the welding seam of the U-rib and diaphragm is in a dangerous location
of fatigue, so attention should be paid to the welding quality. The limitations of this paper
are that the number of tests was inadequate, and the conclusions were based on the most
unfavorable scenario.
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junction between the back of the weld and the base metal
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Abstract: The cyclic performance of structural steels after exposure to various elevated temperatures
and cooling-down methods was experimentally investigated in this paper. Four types of frequently
used structural steels were tested including Chinese mild steel Grade Q235, Chinese high-strength
steel Grade Q345, and Chinese stainless steel Grade S304 and S316. A total of eighty specimens were
prepared using three different heating–cooling processes before being subjected to cyclic loads. The
post-fire basic features and hysteretic performances of the four types of structural steels exposed to
various target temperatures (100–1000 ◦C), heat soak times (30 min or 180 min) and cooling-down
methods (natural air or water) were recorded and discussed. The results show that all the tested
structural steels prepared using different heating–cooling treatments exhibited proper ductility and
energy dissipation capacity, while the heat soak times and cooling-down methods had a definite
effect on their energy dissipation capacity; no Masing phenomenon was found in the tested structural
steels. Finally, a set of skeleton curves were proposed for the four types of structural steels under
cyclic loading based on the Ramberg–Osgood model, which could serve as the foundation for the
seismic capacity evaluation of steel structures after a fire.

Keywords: structural steel; elevated temperatures; cooling-down method; cyclic performance;
skeleton curve

1. Introduction

Structural steels have become one of the most widely used materials in civil engi-
neering owing to their light weight, high strength, excellent ductility, and good energy
dissipation capacity. However, it has been demonstrated that the mechanical properties of
structural steels are changed in a fire. Therefore, the performance of structural steels after
exposure to elevated temperatures is important for the post-fire reliability evaluation of
steel structures.

Extensive studies were conducted on the post-fire mechanical properties of structural
steels, which found that the post-fire mechanical properties of structural steels are depen-
dent on steel grades, cold forming procedures, exposure temperatures, heating methods,
and cooling methods [1,2]. Corresponding predictive equations for the mechanical proper-
ties of structural steels were proposed to incorporate the aforementioned factors into those
studies.

The post-fire mechanical properties of high-strength steels were found to be quite
different from those of mild steels [3,4]. For Chinese hot-rolled Q235, Q345, and Q420 steels
and ASTM A572 Gr.50 steels, their post-fire mechanical properties changed significantly
after exposure to temperatures above approximately 700 ◦C [1,5]. The post-fire mechanical
properties of European standard high-strength steels, including S460, S690, and S960, are
not obviously affected until the temperature reaches above 600 ◦C, and they begin to
degrade after cooling down from the temperatures beyond 600 ◦C up to 1000 ◦C [3,6,7].
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Furthermore, the critical temperatures turn into approximately 400 ◦C–700 ◦C for the
Chinese high-strength steels Grade Q460 and Q690 when cooled by air, water, and fire-
fighting foam [4,8–12]. For cold-formed steels, the post-fire mechanical properties are
reduced after they have been exposed to temperatures exceeding 300 ◦C [1,13].

The heating rate and repeated heating/cooling were found to affect the post-fire elastic
modulus and yield strength of high-strength steel Q690; however, the effect on tensile
strength and fracture strain was negligible [9]. Conversely, no obvious effect of cyclic
heating–cooling was observed in hot-rolled Q235, Q345, Q420, and cold-formed Q235
steel [1]. Due to the microstructure transformation, the cooling method has been found to
have an obvious influence on the residual strength and ductility of structural steel after
exposure to sufficiently elevated temperatures, whereas there is no observable influence on
elastic modulus [1,8–10]. The strength enhancement of structural steels due to cold forming
or heat treatment is weakened with increasing heat treatment target temperatures, but
their ductility is observed to be recovered [1,7,14]. Stainless steels show superior post-fire
performance and a higher strength retention capacity than carbon steels [14–16]. According
to some studies [17,18], the heat soak time was found to have a negligible effect on the
post-fire mechanical properties of carbon steels and austenitic stainless steels, whereas
other studies have shown that the ductility of lean duplex stainless steels and high-strength
quenched and tempered steels are improved with heat soak time [16,19].

Most spatial structures can avoid collapse after a fire event, owing to their sufficient
redundancy. For economic reasons, these fire-suffered spatial structures are considered to
remain in service after a post-fire reliability evaluation. The post-fire seismic capacity is one
of the most important components in the post-fire reliability evaluation. The mechanical
properties of structural steels under cyclic loading are quite different from those under
monotonic loading, and the hysteretic properties of structural steels play a pivotal role in
the seismic performance of structures [20,21]. According to the review of state-of-the-art
literature, most of the included studies focused on the post-fire mechanical properties
of structural steels under monotonic loading conditions, and the post-fire cyclic perfor-
mance of structural steels was rarely discussed. This paper therefore presents a detailed
experimental study on the post-fire mechanical properties of commonly used structural
steels under cyclic loading condition, including Chinese mild steel Grade Q235, Chinese
high-strength steel Grade Q345, and Chinese stainless steel Grade S304 and S316. There
were three heating–cooling treatments considered in the preparation of the specimens.
Research funding can serve as the foundation for the seismic capacity evaluation of steel
structures after a fire.

2. Experimental Programs

2.1. Specimen Design

Chinese mild steel Grade Q235, Chinese high-strength steel Grade Q345, and Chinese
stainless steel Grade S304 and S316 were tested in this paper, and were in accordance with
GB/T700-2006, GB/T1591-2008, GB/T1220-2007, and GB/T3280-2015, respectively [22–25].
According to GB/T 15248-2008 [26], eighty-four specimens were designed and classified
into four groups according to their steel categories. Each specimen group had twenty-one
specimens and each included one room-temperature specimen and twenty heating–cooling-
treated specimens exposed to different heating treatments and cooling-down methods.
Figure 1a,b show the dimensions of specimens for Q235/Q345 and S304/S316, respectively.
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(a) (b)

Figure 1. Dimensions of specimens. (a) Q235 and Q345; (b) S304 and S316.

2.2. Experiment Procedure

There were two stages during the whole experiment procedure. In the first stage, the
specimens were heated to the preselected elevated temperatures and cooled down to room
temperature according to three different heating–cooling treatments. In the second stage,
the prepared specimens were tested under cyclic loading at room temperature.

2.2.1. Heating–Cooling Treatment

As shown in Figure 2, three heating–cooling treatment styles, with each including
four stages per style, were employed in the preparation of specimens, which were marked
as style 1, style 2, and style 3, respectively. In the three heat treatment styles, all the
specimens were first heated at a rate of 20 ◦C/min to a temperature of 50 ◦C less than
the target temperature with a temperature-controlled electric furnace SX-G36123 (Tianjin
Zhonghuan Furnace Corporation, Tianjin, China). This temperature was maintained
for 15 min before the next step. Then, the specimens were continually heated at a rate of
5 ◦C/min to a temperature of 10–15 ◦C less than the target temperature, and the temperature
was maintained for 10 min at this time. Subsequently, the specimens were heated at a rate
of 5 ◦C/min to the target temperature, and the heat soak times at the target temperature
were 30 min, 180 min, and 30 min for heat treatment process styles 1–3, respectively. The
heat processes described above were to ensure a uniform temperature distribution in the
specimens. For heat treatment process style 1, ten elevated target temperatures were set,
i.e., 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C, and 1000 ◦C. As a
contrast, five elevated target temperatures were selected for heat treatment process styles 2
and 3, respectively, i.e., 100 ◦C, 300 ◦C, 500 ◦C, 700 ◦C, and 900 ◦C. After the specified heat
soak times, the specimens were allowed to cool down to room temperature. A natural air
cooling method was used in the heat treatment process styles 1 and 2, and a water cooling
method was applied in heat treatment process style 3. Figure 3a,b show the prepared
specimens.

Figure 2. Heating–cooling treatment process.
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(a)

(b)

Figure 3. Prepared specimens. (a) Q235 and Q345; (b) S304 and S316.

2.2.2. Cyclic Test

The cyclic loads and monotonic loads were applied to the prepared specimens using
the fatigue-testing machine Instron 8801 (Instron Corporation, Norwood, MA, USA). The
applied loads were also recorded with the machine at the same time. A 5 mm range
extensometer with a 12.5 mm gauge length was selected to measure the strain on the
specimens.

The cyclic loading processes were controlled by strain at a rate of 0.0005/s, and the
cyclic loading protocol was different for Q235/Q345 specimens and S304/S3016 speci-
mens, as shown in Figure 4a,b. After the specified loading cycles, the specimens were
monotonically loaded till failure at a strain rate of 2 mm/min.

(a) (b)

Figure 4. Loading protocol. (a) Q235 and Q345; (b) S304 and S316.

3. Experimental Results and Discussion

3.1. Post-Fire Basic Features of Structural Steels

The first tensile stage in the first loading cycle of the hysteretic curve was extracted for
each specimen to evaluate the initial elastic modulus Es and the initial yielding strength f y
(nominal yielding strength for stainless steels) of the tested structural steels, as shown in
Figure 5a,b. The ultimate strength f u and fracture strength f u1 of each specimen after cyclic
loading was analyzed using the monotonic loading process mentioned in Section 2.2.2,
as shown in Figure 5c,d. To study the effect of heating–cooling treatments on the basic
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features of structural steels, the residual factors (R) were calculated and discussed based
on the data from Figure 5 in Sections 3.1.1–3.1.3, which were defined as the ratio of the
mechanical properties after cooling down from various elevated temperatures to that at
room temperature without fire exposure.

(a) (b)

(c) (d)

E

f

f f

Figure 5. Basic features of structural steels. (a) Elastic modulus; (b) Yielding strength; (c) Ultimate
strength; (d) Fracture strength.

3.1.1. Elastic Modulus

The post-fire elastic moduli (Es) of the tested structural steels were calculated according
to GB/T 22315-2008 [27]. Figure 6a,b show the elastic modulus residual factor (RE) for all
four types of structural steels. The Q235, Q345, and S304 steel specimens maintained their
initial elastic moduli after exposure to temperatures up to 1000 ◦C and cooling down using
different methods, with fluctuation being less than ±10%. By contrast, a 10–20% decrease
in elastic moduli was found in the S316 steel specimens when treated with heating–cooling
treatment styles 1 and 2. For the S316 steel specimens prepared with heating–cooling
treatment style 3, the measured elastic modulus was initially increased by about 25% after
exposure to 100 ◦C, and then it was dropped dramatically by about 10%, 25%, and 20%
after exposure to 300 ◦C, 500 ◦C, and 700 ◦C, respectively. Moreover, the elastic modulus
of the S316 steel specimen after exposure to 900 ◦C and cooling down by water regained
its initial elastic modulus. The post-fire elastic moduli of the studied specimens indicated
that the effect of target heat temperatures, heat soak times, and cooling-down methods on
the elastic moduli of Q235, Q345, and S304 steels after exposure to elevated temperatures
up to 1000 ◦C (900 ◦C for heating–cooling treatment styles 2 and 3) was negligible, while
the influence of elevated temperatures and cooling-down methods on the elastic moduli of
S316 steels was significant.
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(a) (b)

R R

Figure 6. Elastic modulus residual factor. (a) Q235 and Q345; (b) S304 and S316.

3.1.2. Yielding Strength

The post-fire yielding strength (nominal yielding strength for stainless steels) residual
factors (Rfy) are illustrated in Figure 7. No obvious change was found in the yielding
strength of all four types of structural steels until the temperature reached 700 ◦C, after
which the post-fire yielding strength of Q235 and Q345 steels was decreased slightly, and a
reduction of about 10% was observed after exposure to 1000 ◦C (900 ◦C for heating–cooling
treatment styles 2 and 3), as shown in Figure 7a. A decrease at a relatively rapid rate
was found in the yielding strength of S304 and S316 steels after exposure to temperatures
exceeding 700 ◦C, and reductions of approximately 15% were observed when the exposure
temperature reached 1000 ◦C (900 ◦C for heating–cooling treatment styles 2 and 3), as
shown in Figure 7b. The results showed that the critical temperature of yielding strength
was about 700 ◦C for all four types of structural steels. The influences of different cooling
methods on the residual yielding strength of the studied structural steels were insignificant
in this experiment.

(a) (b)

R

R

Figure 7. Yielding strength residual factor. (a) Q235 and Q345; (b) S304 and S316.

3.1.3. Ultimate Strength

The ultimate strength residual factors (Rfu) of the tested specimens are described
in Figure 8a,b. The ultimate strength of all four types of structural steels experienced a
fluctuation within a narrow range, and the maximum magnitude of the changes was within
10%. This phenomenon implied that the heating–cooling treatment styles discussed in this
paper may have limited effects on the ultimate strength of all four types of structural steels
after cyclic loading.
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(a) (b)

R R

Figure 8. Ultimate strength residual factor. (a) Q235 and Q345; (b) S304 and S316.

3.1.4. Fracture Strength

The post-fire fracture strengths of all four types of structural steels were decreased
compared to their corresponding ultimate strengths without fire influence, and the fracture
strength drop ratios (Dfu1) were defined as (f u − f u1)/f u, as shown in Figure 9a,b. It can
be found that all the fracture strength drop ratios were larger than 15%, which is the limit
of the seismic design requirements [11]. This meant that the tested structural steels still
exhibited good seismic ductility after exposure to heating–cooling processes. Moreover, the
influence of steel grades on the fracture strength drop ratios was more significant than the
target temperatures and cooling-down methods of heating–cooling treatments discussed in
this paper.

(a) (b)

D D

Figure 9. Fracture strength drop ratio. (a) Q235 and Q345; (b) S304 and S316.

3.2. Post-Fire hysteretic Performance of Structural Steels
3.2.1. Hysteretic Curve

In this section, the specimens exposure to room temperature are marked as S-NT, and
other specimens are coded as shown in Figure 10. The hysteretic strain–stress curves of the
tested specimens are shown in Figures 11–14, and subfigures (a–j) in each figure show the
data at different elevated target temperatures.

All the tested specimens had plump hysteretic curves, which meant no buckling failure
appeared in the specimens, which was in accordance with the failure modes observed
during the experiment. Moreover, no obvious degradation of strength and stiffness was
found in the hysteretic curves for the same strain levels. Therefore, all four types of
structural steels had good ductility under cyclic loading despite the heating–cooling cycle
they experienced.
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Figure 10. Specimen code.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure 11. Hysteretic curves of Q235. (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C; (e) 500 ◦C;
(f) 600 ◦C; (g) 700 ◦C; (h) 800 ◦C; (i) 900 ◦C; (j) 1000 ◦C.

36



Metals 2022, 12, 1146

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure 12. Hysteretic curves of Q345. (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C; (e) 500 ◦C;
(f) 600 ◦C; (g) 700 ◦C; (h) 800 ◦C; (i) 900 ◦C; (j) 1000 ◦C.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure 13. Hysteretic curves of S304. (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C; (e) 500 ◦C;
(f) 600 ◦C; (g) 700 ◦C; (h) 800 ◦C; (i) 900 ◦C; (j) 1000 ◦C.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Figure 14. Hysteretic curves of S316. (a) 100 ◦C; (b) 200 ◦C; (c) 300 ◦C; (d) 400 ◦C; (e) 500 ◦C;
(f) 600 ◦C; (g) 700 ◦C; (h) 800 ◦C; (i) 900 ◦C; (j) 1000 ◦C.

3.2.2. Masing Property

If the hysteresis loops of the metal obtained at different strain ranges coincide when
they are plotted in relative coordinates, it means that the metal has a “Masing” property
and the yield characteristics are the same [28]. To study the “Masing” properties of the
tested structural steels in this paper, the hysteresis curves obtained in the last Section were
reproduced as relative hysteretic curves in the relative coordinate system in this Section,
and the relative hysteretic curves of typical specimens (room temperature, 900 ◦C) are
shown in Figures 15–18 [29,30], and subfigures (a–d) show the relative hysteretic curves of
the specimens prepared by different heating-cooling treatments.
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(a) (b)

(c) (d)

Figure 15. Relative hysteretic curves of Q235. (a) S-NT; (b) S-900-1; (c) S-900-2; (d) S-900-3.

(a) (b)

(c) (d)

Figure 16. Relative hysteretic curves of Q345. (a) S-NT; (b) S-900-1; (c) S-900-2; (d) S-900-3.
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(a) (b)

(c) (d)

Figure 17. Relative hysteretic curves of S304. (a) S-NT; (b) S-900-1; (c) S-900-2; (d) S-900-3.

(a) (b)

(c) (d)

Figure 18. Relative hysteretic curves of S316. (a) S-NT; (b) S-900-1; (c) S-900-2; (d) S-900-3.

As indicated in Figures 15–18, the relative hysteretic curves obtained at different strain
levels did not coincide with each other, which revealed that the four types of structural
steels tested in this paper had non-Masing properties, which was unrelated to target heat
temperatures, heat soak times, and cooling-down methods.

3.2.3. Energy Dissipation Capacity

Structural steels can dissipate energy when they experience plastic deformations,
which can be measured as the area of hysteretic loops. The second loop at each strain level
was extracted from the hysteretic curves of all four types of structural steel specimens
and used to calculate the area of the hysteretic loops and evaluate their energy dissipation
capacity. To save space, typical heat target temperatures were selected during the energy
dissipation capacity evaluation, as shown in Figure 19.
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(a) (b)

(c) (d)

Figure 19. Energy dissipation density. (a) Q235; (b) Q345; (c) S304; (d) S316.

As shown in Figure 19a,b, for the Q235 and Q345 structural steel specimens prepared
with heating–cooling treatment style 1, the energy dissipation capacity of the specimens
with higher target heat temperatures was less than that of the specimens with lower target
heat temperatures at the same strain level, and this difference became more obvious with
an increase in strain amplitudes. This indicated that short-term heat treatment may weaken
the energy dissipation capacity of Q235 and Q345 structural steels. On the contrary, for
the Q235 and Q345 structural steel specimens prepared with heating–cooling treatment
style 2, no obvious difference was found between the specimens with different target heat
temperatures at the same strain amplitude, which meant long-term heat treatment may
remove the effect of target heat temperatures on the energy dissipation capacity of Q235
and Q345 structural steels. For the Q235 and Q345 structural steel specimens prepared
with heating–cooling treatment style 3, the energy dissipation capacity of the specimens
with higher target heat temperatures was larger than that of the specimens with lower
target heat temperatures at the same strain level owing to the hardening effect of the water
cooling method. This hardening effect became more significant when the strain was beyond
1% in Q235 steel specimens, while the energy dissipation capacity of the specimens with
higher target heat temperatures was once again less than that of the specimens with lower
target heat temperatures at the same strain level, as seen in Q345 steel specimens when the
strain was beyond 3%. This meant that the hardening effect of the water cooling method
on energy dissipation was weaker than the negative effect of short-term heat treatment
discussed above for the Q345 steel specimens.

As shown in Figure 19c,d, for the stainless steel specimens prepared with heating–
cooling treatment style 1, the energy dissipation capacity of the specimens with higher
target heat temperatures was larger than that of the specimens with lower target heat
temperatures at the same strain level in both the S304 and S316 steel specimens. This
difference was more obvious with an increase in strain amplitude. This meant that the
short-term heat treatment effect may strengthen the energy dissipation capacity of S304
and S316 structural steels. For the specimens prepared with heating–cooling treatment
style 2, there was no obvious difference in energy dissipation capacity between S304 steel
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specimens with different target heat temperatures, while the energy dissipation capacity of
the specimens with higher target heat temperatures was less than that of the specimens with
lower target heat temperatures at the same strain level in S316 steel specimens. The reason
for this phenomenon was that long-term heat treatment may eliminate the strengthening
effects that elevated temperatures have on the energy dissipation capacity of S304 steel
specimens and may further weaken the energy dissipation capacity of the S316 steel
specimens with higher target heat temperatures. For the S304 steel specimens prepared
with heating–cooling treatment style 3, the energy dissipation capacity of the specimens
with higher target heat temperatures was larger than that of the specimens with lower
target heat temperatures at the same strain level, and the difference was increased along
with the strain amplitude because of the hardening effect of the water cooling method.
In contrast, this hardening effect was insignificant in the S316 steel specimens prepared
with heating–cooling treatment style 3, and no obvious difference was found in the energy
dissipation capacity between the specimens with different target heat temperatures.

3.2.4. Skeleton Curve

Skeleton curves of hysteretic loops can directly reflect the mechanical properties of
structural steels under cyclic loading. The Ramberg and Osgood model [31] is a commonly
used constitutive relation for cyclic models, as shown in Equation (1). Therefore, the
Ramberg and Osgood model was employed to fit the skeleton curves in this paper.

Δε

2
=

Δεe

2
+

Δεp

2
=

Δσ

2E
+ (

Δσ

2K′ )
1
n′

(1)

where Δε is total strain amplitude, Δεe is elastic strain amplitude, Δεp is plastic strain
amplitude, Δσ is stress amplitude, E is elastic modulus, K’ is cyclic enhancement coefficient,
and n’ is cyclic enhancement exponent.

The elastic modulus E in Equation (1) can be obtained from Figure 5a. The cyclic
enhancement coefficient K’ and the cyclic enhancement exponent n’ can be calculated by
fitting the experimental skeleton curves via the Ramberg and Osgood model, as shown in
Figure 20a,b. To check the accuracy of the Ramberg and Osgood model and the proposed
parameters in Figure 20, a comparison of experimental skeleton curve points and fitting
curves was conducted for all the specimens in this paper. The comparison results of typical
specimens are shown in Figure 21 and subfigures (a–d) show the results for the four types
of structural steels, respectively (E—experimental data, F—fit curves), which showed that
the imitation had good results.

(a) (b)

K

n

Figure 20. Parameters for Ramberg–Osgood relation. (a) Cyclic enhancement coefficient (K’);
(b) Cyclic enhancement exponent (n’).
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(a) (b)

(c) (d)

Figure 21. Comparison of experimental and fitting skeleton curves. (a) Q235; (b) Q345; (c) S304;
(d) S316.

For the convenience of engineering application, a set of material parameters was
proposed for Q235 and Q345 structural steels based on the data in Figures 5 and 20, as
shown in Table 1. Due to the limit of the experimental data in this research, the results
in Figures 5 and 20 show an obvious fluctuation, especially for S304 and S316 specimens.
Therefore, the proposed values in Table 1 are rough estimates of material parameters, and
it was hard to propose appropriate material parameters for S304 and S316 structural steels.
More experimental data need to be collected to establish more accurate and convenient
material models for Q235, Q345, S304, and S316 structural steels.

Table 1. Proposed material parameters for Q235 and Q345 structural steels.

Structural Steel RE Rfy K′ n′

Q235/Q345 0.95 0.9 1000 0.2

4. Conclusions

This paper experimentally investigated the cyclic performance of Chinese mild steel
Grade Q235, Chinese high-strength steel Grade Q345, and Chinese stainless steel Grade
S304 and S316 after exposure to various heating–cooling treatments. The main conclusions
can be drawn as follows:

1. The effect of target heat temperatures, heat soak times, and cooling-down methods
was negligible on the post-fire elastic moduli of Q235, Q345, and S304 structural
steels, while the influence of elevated temperatures and cooling-down methods on
the post-fire elastic moduli of S316 structural steels was significant.

2. The critical temperature of post-fire yielding strength was about 700 ◦C for all four
types of structural steels, while the influences of different cooling-down methods on
the residual yielding strength of the studied structural steels were insignificant in this
experiment. The heating–cooling treatment styles discussed in this paper had limited
effects on the ultimate strength of all four types of structural steels after cyclic loading.

3. All four types of structural steel exhibited good seismic capacity, including plump
hysteretic curves and sufficient ductility, after exposure to heating–cooling treatments.
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The energy dissipation capacity varied according to steel grades, target heat tem-
peratures, heat soak times, and cooling-down methods, with the influence of steel
grade on the ductility being more significant than the heating–cooling treatment styles
discussed in this paper.

4. All four types of structural steels had non-Masing properties, which was unrelated to
target heat temperatures, heat soak times, and cooling-down methods.

5. The Ramberg and Osgood model and corresponding model parameters can properly
simulate the skeleton curves of all four types of structural steels after exposure to the
heating–cooling treatments involved in this paper. Therefore, the proposed model
can be applied as the constitutive relation of fire-affected steels in the post-fire seismic
capacity evaluation of steel structures which are made of the four types of structural
steels. However, more experimental data need to be collected to establish a more
accurate and convenient material model for engineering applications.
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Abstract: The crude oil in pipelines should remain at high temperature and pressure to satisfy the
fluidity requirement of deep-sea oil transportation and consequently lead to the global buckling
of pipelines. Uncontrolled global buckling is accompanied by pipeline damage and oil leakage;
therefore, active buckling control of pipelines is needed. Pipe-in-pipe (PIP) systems have been widely
used in deep-sea oil pipelines because of the protection and insulation characteristics of the outer
pipe to the inner pipe. In this study, sleeper-distributed buoyancy is used as an active buckling
control method for the global buckling of PIP systems with initial imperfections. The accuracy of
this technique is verified by comparing the finite element model of a 3D pipeline with experimental
data. The effects of buoyancy density, pipe–soil friction coefficient, initial imperfection, stiffness ratio
of inner and outer pipes, and buoyancy unit interval on the global buckling performance are also
analyzed. The critical buckling force and lateral displacement of this method are studied using an
analytic solution, and the relevant calculation formulas are obtained and verified to provide a basis
for its engineering application.

Keywords: pipe-in-pipe system; global buckling; the sleeper-distributed buoyancy method; active
control; pipeline design

1. Introduction

Under the action of high temperature and high pressure, due to the thermal expansion
and Poisson effect of pipeline materials, the pipeline inevitably has an elongation trend.
However, the pipeline cannot expand freely due to the restriction of surrounding soil and
rockfill. With the continuous increase in temperature and pressure, the pressure in the pipe
gradually increases until a certain critical pressure and global buckling will happen. If
the global buckling is not controlled, it is likely to cause excessive bending deformation
and damage to the pipeline or induce local buckling propagation. Three main methods
are applied to control the global buckling of pipelines [1,2]. The first one is to limit any
possible buckling modes by using external loads [3]. Over burying or rockfill is usually
used to limit the global buckling of pipelines [4]; however, its cost increases with the depth
of pipeline laying, and the objective cannot be achieved when the depth is extremely large.
Therefore, this method is only applicable to shallow water pipelines. The second one is to
reduce the axial force of pipelines by decreasing the temperature of crude oil transportation
or installing an expansion bend in pipelines, thus avoiding or slowing down the global
buckling [5,6]. However, the installation of expansion bending is usually expensive and
inconvenient. The third one is to stimulate controlled lateral buckling (vertical buckling
is usually catastrophic) at the appropriate location [7]. Even with the increase in pipeline
laying depth, most deep-sea pipelines can be directly laid on the rugged seabed, and the
lateral buckling of high-temperature and -pressure pipelines is almost inevitable [8,9].

Controllable lateral buckling devices are used to control the buckling of pipelines at
multiple planned locations rather than allowing uncontrollable and severe buckling to
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occur at only one location [10]. Therefore, thermal expansion can be evenly distributed
into a series of buckling to ensure that the pipelines will not have a large axial movement.
Various methods, including snake laying [11], vertical offset (sleeper method) [12], and local
load reduction (distributed buoyancy method) [13], have been used to induce the buckling
of pipelines at a certain location. The snake-shaped buckling distance is a half wavelength,
which is defined as the distance among continuous snake-shaped vertices. Reasonably
selecting the shape parameters ensures that the snake-shaped pipe-laying method can
successfully induce pipeline buckling [14,15].

As shown in Figure 1, the sleeper method introduces large-diameter vertical support
under a pipeline [9]. This support is perpendicular to the pipeline path to ensure that
the pipeline can form a suspension in the local area, thus reducing the lateral pipe–soil
resistance in the suspension section and facilitating the pipeline lateral buckling under low
axial force [16]. The sleeper is usually composed of large-diameter pipes with antisinking
plates to prevent the sinking of the pipeline. The number of sleeper layouts depends
on the lateral buckling amplitude of the pipeline after buckling. The pipeline forms a
suspension span near the sleepers because of the supporting effect of the latter under the
former [17]. Pipe–soil interaction remains important even in areas far away from sleepers
where unpredictable buckling may occur. Therefore, sleepers must be installed at equal
intervals before pipe laying to induce pipeline buckling at multiple locations.

Figure 1. Sketch map of the sleeper method.

Distributed buoyancy method is applied in installing distributed buoyancy units on
pipelines to reduce the underwater weight and, consequently, the lateral soil resistance of
local submarine pipelines during lateral buckling.

The distributed buoyancy method can be divided into two categories: one is that the
buoyancy is large and part of the pipeline leaves the seabed; the other is that the buoyancy is
small and the pipeline is still in full contact with the seabed. For the first method, Peek [18]
only provided the buoyancy value required for the lateral buckling of the rigid seabed by
equivalent the straight pipeline to a fixed beam at both ends, and the initial imperfects were
not considered. Sun [13] conducted a model test to simulate the lateral buckling of pipes.
The model test compares the sleeper method with the first type of distributed buoyancy
method. It was found that the distributed buoyancy method produces a larger buckling
section, and the bending is smaller than the pipe cushion method; in this study, the pipe–soil
interaction was not considered. Li Gang [19] used the finite element method to optimize the
design parameters and layout scheme of the buoyancy module in the distributed buoyancy
control technology, effectively reducing the critical buckling force of the global buckling,
but the high temperature and high pressure in the pipeline were ignored.

In distributed buoyancy method, the pipeline length with an additional buoyancy unit
is generally 60–200 m [20]. Pipe-in-pipe (PIP) systems are heavy; thus, additional materials
are needed in building a buoyancy section to satisfy the design requirement. Lateral soil
resistance is high under PIP systems; hence, sleepers become an attractive solution to
initiate a lateral buckling easier than the on-bottom features. A previous project presented
that the material cost for a 200 ft. (61 m)-long buoyancy section with a buoyant force equal
to 90% of the PIP system submerged weight is approximately five times that for an 80 ft.
(24 m)-long sleeper [13]. The outer diameter of the buoyancy section is significantly large
(three times of PIP outer diameter), making the shoulder span also massive. A high contact
pressure at the shoulders can limit the mobilization.
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In the paper, sleeper and buoyancy methods are combined to control the global
buckling of PIP systems. The SDB method combines the advantages of the sleeper method
and distributed buoyancy method. A suspended section will be formed between pipelines
and the seabed because of the existence of sleepers. At the part where the pipelines come
in contact with the seabed, the lateral resistance of the seabed is decreased by the buoyancy
unit, thus controlling the global lateral buckling of PIP systems.

2. Analysis Method

2.1. Geometric Model Detail

Figure 2 shows the basic composition of a PIP system. The pipes mainly consist of
three parts, namely, inner pipe, outer pipe, and centralizer. The centralizer and the inner
pipe are fixed, and the latter can slide along the inner wall of the outer pipe [19]. A certain
gap exists between the centralizer and the outer pipe. According to engineering practice,
the distance of this gap is generally from 1 mm to 10 mm. The distance among the central
rings is generally 1 m to 2 m [20]. The gap between inner and outer pipes is usually filled
with light, low-strength, and high-performance insulation materials. The outer pipe is
wrapped with buoyancy blocks in the seabed contact section.

  

Figure 2. Sketch map of the SDB method.

2.2. FE Model Analysis

Figure 3 shows the FE models established in the software of ABAQUS 6.14. In the
model, boundary constraints are end hinges, and the buoyancy is added as vertical upward
force shows yellow. The sleeper is in the middle of the seabed under the pipeline.

Figure 3. FE model of SDB.
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First, the unit types of each part are determined. Pipe31 beam element is used to
simulate the internal and external pipelines, R3D4 element is used to simulate the seabed,
and a circular arc rigid surface is used to simulate the sleepers. In the model, a single node
ITT element is used to simulate the centering ring to simulate the contact between the inner
and outer pipes. The ITT element is attached to the node of the inner pipe beam element,
and a corresponding virtual slip line is attached to the outer pipe. The slip line is composed
of the outer pipe node.

Second, model constraints and loads are determined. Most parts of the pipeline in
the model are directly placed on the seabed to provide vertical and horizontal constraints.
The middle part of the pipes is supported by sleepers to form two end suspension sections
on both sides of the sleepers. The distance between the two ends of the pipeline and the
suspended section of the pipeline is up to 900 m, and the effect of end restraint on the
global buckling section of the pipeline (suspended section) can be neglected. A simple
support restraint is adopted at both ends of the pipeline. The Coulomb friction model
is used, where the friction between the pipeline and seabed is set as μ1, and the friction
between the pipeline and sleeper is set as μ2. The load of the pipeline model is uniform
temperature field, internal pressure field, and load along the negative direction of Z
direction (simulated gravity).

Third, the snake-shaped laying section of the pipeline is established. The serpentine
paving section is represented as initial imperfection in the model. In this chapter, the
shape of the initial imperfection is described by a sinusoidal function. The imperfection
morphology equation can be expressed as follows:

h = h0 sin
(

π(l + 0.5l0
l0

)
(1)

where h0 is the length of initial imperfection, and l0 is the wavelength.
Fourth, analysis is implemented via four steps. The first step is that the pipeline comes

in contact with the seabed under gravity. The second step is that the sleepers hold up the
pipeline to the expected height. The third step is to simulate the buoyancy unit action by
applying linear vertical load to the buoyancy unit of the pipeline. The fourth step is to
apply uniform temperature and pressure to the inner pipe.

Finally, the calculation method of the model is determined. In this chapter, the
dynamic solution considering artificial damping is adopted. Setting * Dynamic,
Application = QUASI-STATIC in the Abaqus solution file. Although this method is dy-
namic, the quasistatic results can be obtained due to the influence of damping. Geo-
metric stiffness is considered in the calculation, and the stiffness matrix of the system is
updated continuously.

2.3. Model Validation

The pipelines in the literature [21] are selected for comparison to verify the FE model
in this chapter, and the corresponding FE model is established for calculation. The pipeline
in the literature does not contain a buoyancy unit; hence, the buoyancy value is set to 0 in
the model, and the other parameters remain consistent. The parameters of the FE model
are shown in Table 1.

The resulting force of the inner and outer axial forces represents the stability of
the PIP system. This force increases gradually with the increase in temperature but not
after reaching the critical buckling axial force, indicating that the pipeline has buckling.
The critical buckling axial force obtained by numerical simulation is −118 N, and the
experimental values are −123.4, −110.8, and −104.4 N. The average relative error is
4.6%. Therefore, the proposed model can capture the global buckling characteristics of the
PIP system.
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Table 1. Parameters in the literature.

Outer Pipe Inner Pipe

Diameter (mm) 20 10
Wall thickness (mm) 2 1.5

Materials PMMA Stainless steel
Modulus of elasticity (MPa) 2500 19,000

Coefficient of expansion (/◦C) 1.20 × 10−4 1.08 × 10−5

Length (mm) 2000
Axial friction coefficient between

outer pipe and sand 0.5 -

Lateral friction coefficient between
outer pipe and sand 0.3 -

3. Parametric Analysis

The main factors affecting the global buckling of the pipeline in the sleeper-distributed
buoyancy (SDB) laying method are presented in this section. The following six parameters
are selected for analysis: buoyancy density, pipe–soil friction coefficient, initial imperfection,
rigidity ratio of inner and outer pipes, height of sleeper, and buoyancy unit interval. The
range of the parameters is shown is Table 2.

Table 2. Range of parameters.

Inner Pipe (d) (mm) 250, 300, 350, 400, 450

Outer pipe (D) (mm) 500
Wall thickness (t) (mm) 10

Modulus of elasticity (E) (MPa) 206,000
Poisson ratio (δ) 0.3

Coefficient of linear expansion (α) (/◦C) 1.01 × 10−5

Initial defect (h0/l0) 0.001–0.020
Underwater weight (q) (N/m) 1000–3000

Friction coefficient of seabed (μ1) 0.3–0.9
Friction coefficient of sleeper (μ1) 0.1–0.6

Sleeper height (h2) (m) 0.3–0.9
Buoyancy block distribution density 0–0.78

In the initial stage of heating (14 ◦C), lateral displacement occurs for the suspended
section of the pipeline but not for the midpoint. This phenomenon is unique in the buckling
of pipelines with sleepers. With increasing temperature, the lateral displacement in the
middle of the pipeline also increases rapidly. When the temperature reaches 39 ◦C, wave
peaks appear on both sides, and the lateral displacement occurs along the opposite direction
of the midwave peaks. The global buckling length of the final pipeline is 200 m long, and
the buckling displacement is symmetrical. Figure 4a illustrates the distribution of combined
stresses along the length direction of the pipeline section, where each data point represents
the average combined stresses of the four integral points of the section. As shown in the
figure, peak stress is observed at the top of each buckling peak. Figure 4b displays the
combined Mises stress of the pipeline at a 100 ◦C temperature increase.

In the follow-up analysis, the global buckling development model of the pipeline
presents similar patterns. Hence, only the axial force–displacement curve is used to rep-
resent the global buckling of the pipeline. The following basic model parameters are
discussed: d = 254 mm, h0/l0 = 0.012, q = 1500 N/m, μ1 = 0.5, μ2 = 0.3, and h2 = 0.5 m.
In the next section, the effects of various parameters on the global response of the SDB
pipeline are discussed.
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(a) (b) 

Figure 4. Result of a PIP system on global buckling. (a) Displacement development; (b) stress development.

3.1. Analysis of Buoyancy Density

The ratio of buoyancy to pipeline gravity is defined as α with values of 0.25, 0.27, 0.29,
0.31, and 0.33. The axial force and lateral displacement of the midpoint of the pipeline
under the global buckling of the pipeline are shown in Figure 5 and Table 3. By comparison,
the critical buckling axial force of the pipeline decreases with the increase in α. Comparison
analysis shows that when buoyancy increases by 32% from 0.25 to 0.33, the axial force
decreases by 10.2% from −1950 KN to −1750 KN, indicating that the critical buckling force
can be significantly controlled by changing the number of buoyancy units.

 
Figure 5. Influence of the buoyancy density in the axial force–lateral displacement graph.

Table 3. Critical axial force of the buoyancy density.

The Buoyancy Density Critical Axial Force (KN)

0.25 −1950
0.27 −1910
0.29 −1870
0.31 −1810
0.33 −1750
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3.2. Analysis of Pipe–Soil Friction Coefficient

Figure 6 and Table 4 depict that the effects of changing the friction between pipe and
soil on the critical axial force of global buckling of the pipeline are mainly observed during
the post-buckling stage but not before buckling. This phenomenon occurs because the
influence of friction before buckling is relatively less due to the suspension section formed
by the sleeper at the middle point. When buckling occurs, the pipeline is mainly subjected
to sliding friction, at which time the friction coefficient plays a role. Consequently, the axial
force of the pipeline increases with friction during the post-buckling stage.

 
Figure 6. Influence of the pipe–soil friction coefficient in the axial force–lateral displacement graph.

Table 4. Critical axial force of pipe–soil friction coefficient.

Pipe–Soil Friction Coefficient Critical Axial Force (KN)

0.3 −1800
0.5 −1830
0.7 −1870
0.9 −1900

3.3. Analysis of Initial Imperfection

The influence of initial imperfection wavelength on the critical buckling force–lateral
displacement of the pipeline is shown in Figure 7 and Table 5. The graph illustrates that
the axial force of the pipeline can be greatly affected by changing the initial imperfection
wavelength. When the defect length of the pipeline increases by four times from 2 m to
10 m, the axial force also decreases by four times.

 
Figure 7. Influence of initial imperfection in the axial force–lateral displacement graph.
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Table 5. Critical axial force of initial imperfection.

Initial Imperfection (m) Critical Axial Force (KN)

2 −298
4 −430
6 −590
8 −920
10 −1800

3.4. Analysis of the Rigidity Ratio of Inner and Outer Pipes

Comparisons in Figure 8 and Table 6 show that the critical axial force of pipeline
buckling decreases by 15.3% to −1630 KN from −1950 KN, whereas the rigidity ratio
increases by 132% to 0.33 from 0.25. The change in rigidity ratio of inner and outer pipes
is linear.

 
Figure 8. Influence of the rigidity ratio of inner and outer pipes in the axial force–lateral
displacement graph.

Table 6. Critical axial force of the rigidity ratio of inner and outer pipes.

Rigidity Ratio of Inner and Outer Pipes Critical Axial Force (KN)

0.25 −1950
0.27 −1880
0.29 −1810
0.31 −1740
0.33 −1630

3.5. Analysis of Sleeper Height

Comparison and analysis of the parameters of sleeper height in Figure 9 and Table 7
indicate that the change in sleeper height minimally influences the critical buckling axial
force of pipelines. The sleeper height increases from 0.1 m to 0.9 m, and the change in the
axial force of pipelines decreases from −1850 KN to −1750 KN. However, with the increase
in sleeper height, the corresponding value of axial force decreases gradually when lateral
displacement occurs. The change in sleeper height mainly affects the pre-buckling stage
but has a low effect on the critical value of buckling.
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Figure 9. Influence of sleeper height in the axial force–lateral displacement graph.

Table 7. Critical axial force of sleeper height.

Sleeper Height (m) Critical Axial Force (KN)

0.1 −1850
0.3 −1830
0.5 −1800
0.7 −1770
0.9 −1750

3.6. Analysis of Buoyancy Unit Interval

The distribution interval of the buoyancy unit is also studied. The total buoyancy
under water is set to a fixed value. The buckling of pipelines with buoyancy units under
different densities is analyzed by changing the distribution interval of the buoyancy unit.
Figure 10 and Table 8 present that the change curve of the axial force–displacement of
pipelines is inconsistent with other parameters only when the interval is 10 m. The axial
force of other parameters is basically the same when the interval is 30–90 m, and the
fluctuation is only approximately 1.5%. The lateral displacement of each pipeline is similar
under each parameter. Under a certain total buoyancy force, the influence of changing the
distribution interval of buoyancy units on the global buckling of pipelines is minimal.

 
Figure 10. Influence of buoyancy unit interval in the axial force–lateral displacement graph.
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Table 8. Critical axial force of buoyancy unit interval.

Buoyancy Unit Interval (m) Critical Axial Force (KN)

10 −2100
30 −2250
50 −2250
70 −2250
90 −2250

4. Formula for Calculating the Critical Buckling Axial Force

4.1. Critical Buckling Force

The main factors affecting the global buckling of a PIP system under the distributed
buoyancy method include bending stiffness, buoyancy specific gravity, initial imperfection,
pipe–sleeper friction coefficient, and stiffness ratio. Therefore, for an initial defect of a
particular shape, the critical buckling axial force of the pipeline can be expressed as follows:

On the basis of symmetry, the lateral buckling mode of the PIP system under the
distributed buoyancy method is selected and shown in Figure 11. The X-0-Y coordinate
is the projection surface of the pipeline on the seabed, in which the X direction is the
axial direction of the pipeline, and the Y direction is the lateral direction of the pipeline.
After buckling, the pipeline can be divided into three sections according to its deformation
morphology and structural characteristics. The 0 ≤ x ≤ LB section is the buoyancy
unit installation section, where the pipeline buoyancy is defined as γWs and the ratio of
buoyancy module section length to buckling section pipeline length is β, that is, β = LB/L1.
The pipeline displacement and strain of the buoyancy unit section are marked as “B” below.
The main buckling section of the pipeline is section 0 ≤ x ≤ L1, in which LB < x ≤ L1 does
not contain a buoyancy unit. The pipeline 0 ≤ x ≤ L1 is separated from the seabed surface
due to the sleeper, thereby resulting in a suspension span. The displacement and strain
of the pipeline are expressed by the following standard “1.” Section LB ≤ x ≤ L2 is the
secondary buckling section, and the displacement and strain of the pipeline are expressed
as “2” below. L2 ≤ x ≤ L0 is the axial slip section, and the displacement and strain of
the pipeline are marked as “3.” The virtual anchorage point is at x = L0, and the floating
weight of pipeline in LB ≤ x ≤ L0 section is WS.

Figure 11. Force diagram of SDB.

According to the principle of virtual displacement, equilibrium equations can be
established in different sections of the pipeline.

EIv
′′′′
B + Pv′′

B = −γWsμs (2)

EIv
′′′′
1 + Pv′′

1 = −(γWs + Ws)μs (3)

EIv
′′′′
2 + Pv′′

2 = −WsμL (4)

P0 − EAtεB = P (5)
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P0 − EAtε1 = P (6)

P0 − EAtε2 = P (7)

EAtu
′′
0 = −μAWS (8)

εi = u′
i +

1
2

v′i
2 i = B, 1, 2 (9)

where vi is the lateral displacement of the pipeline in the corresponding section, ui is the
axial displacement of the pipeline in the corresponding section, μA is the axial friction
coefficient of seabed and pipeline, μL is the lateral friction coefficient of seabed and pipeline,
and μs is the friction coefficient of pipeline and sleeper. On the basis of the hypothesis of
small deformation, the second derivative contribution of axial displacement is neglected.
The satisfiable formula (9), At = Ain + Aout is fulfilled.

According to the mathematical forms of Equations (2)–(4), the general solution can be
obtained as a lateral displacement function that satisfies the following forms:

vB(x) = A1 cos(λx) + A2 sin(λx) + A3x + A4 − γω1

2λ2 x2 (10)

v1(x) = A5 cos(λx) + A6 sin(λx) + A7x + A8 − γω2

2λ2 x2 (11)

v2(x) = A9 cos(λx) + A10 sin(λx) + A11x + A12 − γω3

2λ2 x2 (12)

where
λ2 =

P
EI

(13)

ω3 =
μLWs

EI
, ω2 =

(γWs + Ws)μs

EI
, ω1 =

γWsμs

EI
. (14)

Equation (8) is introduced into Equations (4)–(6) to obtain the axial and lateral dis-
placements of buckling pipelines.

u′
B(x) =

(P0 − P)
EAt

− 1
2

v′B
2
(x) (15)

u′
1(x) =

(P0 − P)
EAt

− 1
2

v′1
2
(x) (16)

u′
2(x) =

(P0 − P)
EAt

− 1
2

v′2
2
(x) (17)

The axial displacement function of the pipeline in the slip section can be obtained by
integrating Equation (7).

u3(x) = −uAWs

EAt

x2

2
+ B1x + B2 (18)

In the above formula, B1, B2, and Ai(i = 1–12) are undetermined displacement coef-
ficients. The axial and lateral displacements of the pipeline should satisfy the following
boundary conditions and connection conditions at the boundary of the pipeline and at the
junction of each section:

Lateral displacement vB should be satisfied at x = 0 as follows:

v′B = 0, (19)

v′′′
B = 0. (20)

Lateral displacements vB and v1 satisfy the continuous boundary conditions at x = LB
as follows:

vB(LB) = v1(LB), (21)
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v′B(LB) = v′1(LB), (22)

v′′
B(LB) = v′′

1 (LB), (23)

v′′′
B (LB) = v′′′

1 (LB). (24)

Lateral displacements v1 and v2 satisfy the following continuous boundary conditions
at x = L1:

v1(L1) = 0, (25)

v2(L1) = 0, (26)

v′1(L1) = v′2(L1), (27)

v′′
1 (L1) = v′′

2 (L1), (28)

v′′′
1 (L1) = v′′′

2 (L1). (29)

Lateral displacement v1 satisfies the following continuous boundary conditions at
x = L2:

v2(L2) = 0, (30)

v′2(L2) = 0, (31)

v′′
2 (L2) = 0. (32)

Axial displacement uB should satisfy at x = 0 as follows:

uB(0) = 0 (33)

Axial displacements uB and u1 satisfy continuous boundary conditions at x = LB
as follows:

uB(LB) = u1(LB), (34)

u′
B(LB) = u′

1(LB). (35)

Axial displacements u1 and u2 satisfy the following continuous boundary conditions
at x = L1:

u1(L1) = u2(L1), (36)

u′
1(L1) = u′

2(L1). (37)

Axial displacements u2 and u3 satisfy the following continuous boundary conditions
at x = L2:

u2(L2) = u3(L2), (38)

u′
2(L2) = v′3(L2). (39)

Axial displacement u3 satisfies the following continuous boundary conditions at
x = L0:

v3(L0) = 0, (40)

v′3(L0) = 0. (41)

The lateral displacement functions (10)–(12) are introduced into the lateral displace-
ment boundary conditions (18)–(24) and (25)–(30) to obtain the undetermined coefficients
of the lateral displacement function.

The lateral displacement function vB(x) coefficient of buoyancy unit in lateral dis-
placement buckling is

A1 = −ω1{[2 cos(λL1)+(γ−1)C cos(βλL2)] sin(λL2)}
λ4 sin(λL2)

+
ω1{[2 cos(λL1)+(γ−1) sin(βλL2)] cos(λL2)−[(γ−1)β+2]λL1+λL2}

λ4 sin(λL2)
,

(42)
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A2 = A3 = 0, (43)

A4 = −ω1{[(γ−1)β(β−2)−1](λL1)
2 sin(λL2)}

λ4 sin(λL2)
+

ω1{[4 sin(λL2−λL1) cos(λL1)−2(γ−1) sin(βλL1)] sin(λL1) sin(λL2)}
2λ4 sin(λL2)

+
ω1{2(γ−1) cos(βλL1) cos(λL2) sin(βλL1)2(γ−1)βλL1 cos(λL1)}

2λ4 sin(λL2)
+ ω1{2(2λL1−L2) cos(λL1)+2(γ−1) sin(λL2)}

2λ4 sin(λL2)
.

(44)

The displacement function v1(x) coefficient of the main buckling section without
buoyancy is

A5 = ω2{[2 sin(λL1)+(γ−1) sin(βλL2)] cos(λL2)}
λ4 sin(λL2)

−ω2{[2 cos(λL1) sin(λL2)]+(γ−1)βλL1+2λL1−λL2}
λ4 sin(λL2)

,
(45)

A6 =
ω2(γ − 1) sin(βλL1)

λ4 . (46)

A7 = −ω2βL1(γ − 1))
λ4 . (47)

A8 = −ω2{[−2(γ−1)β−1](λL1)
2 sin(λL2)+2(γ−1) sin(βλL1) cos(λL1−λL2)}

2λ4 sin(λL2)
−

ω2{4 sin(λL2−λL1) cos(λL1)−2[(γ−1)βλL1+2λL1−λL2](γ−1) cos(λL1)}
2λ4 sin(λL2)

.
(48)

The lateral displacement function v2(x) coefficient of the secondary buckling section is

A9 =
ω3{[2 sin(λL1) + (γ − 1) sin(βλL2)] cos(λL2)− [(γ − 1)β + 2]λL1 + λL2}

λ4 sin(λL2)
, (49)

A10 =
ω3[(γ − 1) sin(βλL1) + 2sin(λL1)]

λ4 , (50)

A11 = −ω3(γβ − β + 2)L1)

λ4 , (51)

A12 =
ω3{[2(γ−1)β+2]λL1λL2 sin(λL2)−(λL2)

2 sin(λL2)}
2λ4 sin(λL2)

+
ω3{2[(γβ−β+2)λL1−λL2] cos(λL2)−4 sin(λL1)−2(γ−1) sin(βλL1)}

2λ4 sin(λL2)
.

(52)

Lateral displacement functions (10)–(12) are introduced into boundary conditions (24)
and (38) to obtain the dimensionless parameters lambda λL1 and lambda λL2, which must
satisfy the following characteristic equations:

2[(γ − 1) cos(λL1 − λL2)− γ + 1] sin(βλL1) + 44 sin(λL2 − λL1) cos(λL1)+
4[sin(λL2)− sin(λL1)] + 2{[(γ − 1)β + 2][cos(λL2)− cos(λL1)]}(λL1)−

2[cos(λL2)− cos(λL1)]λL2 − (2γβ − 2β + 3)(λL1)
2 sin(λL2) + 2(γβ − β + 2)

λL1λL2 sin(λL2)− (λL2)
2 sin(λL2) = 0,

(53)

(γ − 1) sin(βλL1)− sin(λL2)+ 2 sin(λL1)− [(γβ − β + 2)λL1 − λL2] cos(λL2) = 0. (54)

Formula (15) is integrated and introduced into boundary condition (34) to obtain the
axial displacement function of the buoyancy section as follows:

uB(x) =
(P0 − p)

EAt
x − 1

2

∫ x

0
v′B(x)dx. (55)
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Formula (16) is integrated from LB to X, and boundary condition (34) is introduced to
obtain the axial displacement function of the main buckling section of the pipeline without
buoyancy module as follows:

u1(x) =
(P0 − P)

EAt
(x − LB)− 1

2

∫ x

LB

v′B(x)dx + uB(LB) (56)

Formula (17) is integrated from L1 to X and introduced into boundary condition (37)
to obtain the axial displacement function of the secondary buckling section of the pipeline
as follows:

u2(x) =
(P0 − P)

EAt
(x − L1)− 1

2

∫ x

L1

v′2(x)dx + u1(L1). (57)

The expressions of the axial displacement function can be obtained by introducing the
slip section axial displacement function (18) into boundary conditions (40), (41) as follows:

u3(x) =
[

μAWS
2EAt

(x + L0 − 2L2)− (P0 − P)
EA

]
(L0 − x). (58)

The relationship between the axial load of the buckling section of the pipeline and the
axial load of the virtual anchorage point can be obtained by introducing the upper formula
to the boundary condition (41) as follows:

P − P0 = μAWS(L0 − L1). (59)

The lateral buckling equation can then be obtained as

P0 = P + μAWSL2

[
−1 +

√
1 +

EAt

μAWSL2
2

(∫ x

LB

v′B
2(x)dx +

∫ x

L1

v′2
2(x)dx +

∫ x

0
v′B

2(x)
)]

, (60)

P =

(
λLi
L

)2
EI, (61)

where EI = E1I1 + E2I2.

4.2. Formula Validation

The following parameters of the PIP system are selected to verify the accuracy of the
formulas, as shown in Table 9.

Table 9. Parameters of the PIP system.

Parameter of the PIP System Value

Inner pipe diameter (mm) 40
Outer pipe diameter (mm) 46

Inner pipe wall thickness (mm) 5
Outer pipe wall thickness (mm) 5

Modulus of elasticity (Gpa) 207
Poisson ratio 0.3

Pipe floating weight (KN/m) 3300
Design temperature (◦C) 50

Coefficient of thermal expansion (1/◦C) 1.17 × 10−5

Axial friction coefficient 0.5
Lateral friction coefficient 0.5

A comparison of the FE model result and analytic solutions in Table 10 shows that the
error of the analytic solutions is consistent with that of the FE model, indicating that the
formulas have high accuracy in forecasting the global buckling of the PIP system.
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Table 10. Comparison of the results.

Buckling Length
Axial Force in

Buckling Segment
Maximum Lateral

Displacement

FE model 110.5 9.53 × 103 6.87
Analytic solutions 114.8 9.68 × 103 6.92

Error% 3.8 1.5 0.7

5. Conclusions

In this study, a FE model for the active control buckling of PIP systems under the SDB
method is established, and the effects of different parameters on the global buckling are
analyzed. The accuracy of the model is verified by existing projects. On the basis of the
analysis results for the FE model, the formulas for calculating the critical buckling axial
force and lateral displacement of this type of pipeline are obtained by analytical solution.
The main conclusions are as follows:

1. The proposed SDB method to control the global buckling of PIP systems can solve
the instability caused by the high center of gravity of the pipeline under the sleeper
control method and the extremely large outer diameter of pipelines wrapped by
buoyancy unit under the buoyancy method.

2. Geometric model and FE models of PIP systems under combined control by the SDB
method are proposed, and the accuracy of the models is verified. Parametric analysis
shows that the bending stiffness, buoyancy ratio, initial defects, and stiffness ratio
of inner and outer pipes are the main factors affecting the critical buckling force of
pipelines.

3. The critical buckling axial force and lateral displacement formulas of pipelines are
deduced and validated by analytical solution. A comparison shows that the formulas
have high accuracy and can meet the requirements for engineering design.
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Abstract: The corrugated steel plate shear wall (CoSPSW) is a new type of steel plate shear wall, in
which corrugated wall plates instead of flat wall plates are adopted. The lateral stiffness and shear
buckling capacity of the shear wall system could be significantly enhanced, and then, wall plate
buckling under gravity loads would be mitigated. This paper presents a study on the probabilistic
assessment of the seismic performance and vulnerability of CoSPSWs using fragility functions. The
damage states and corresponding repair states of CoSPSWs were first established from experimental
data. Then, incremental dynamic analyses were conducted on the CoSPSW structures. The structural
and nonstructural fragility functions were developed, based on which the seismic performance
and vulnerability of the CoSPSWs were obtained and compared with the conventional steel plate
shear walls (SPSWs). It was shown that for various repair states, the 25th percentile PGA of the
CoSPSW was always higher than the SPSWs with the same wall thickness and boundary frame,
which indicated that the CoSPSW has a lower damage potential and better seismic performance than
the SPSW.

Keywords: corrugated steel plate shear wall; damage state; repair state; fragility function; probabilistic
assessment

1. Introduction

Steel plate shear walls (SPSWs) were proposed in the 1970s as new lateral load-resisting
systems for mid- to high-rise buildings, with advantages such as high lateral strength,
ductility, and energy dissipation capacity [1–3]. Originally, the SPSW was composed of
flat infill wall plates, boundary beams, and boundary columns, while the wall plates
were generally slender and tended to buckle under low lateral loads or gravity loads in
a serviceability limit state, which was related to wall out-of-plane deformation and an
unpleasant buckling noise. The ultimate lateral strength of the wall plate would then be
achieved through the yielding of the diagonal tension field formed due to wall buckling
under lateral loads [4], which also resulted in high anchoring forces on the boundary
frame [5]. On the other hand, wall buckling under gravity loads or during construction is
not permitted by the Chinese code [6], which prohibits a synchronized installation of the
wall plate with the rest of the story, and this hinders the construction schedule, especially
for high-rise buildings.

Corrugated steel plate shear walls (CoSPSWs) could be a viable solution in that sense;
they consist of horizontally or vertically corrugated wall plates and a boundary frame [7],
as shown in Figure 1. The corrugation significantly increases the out-of-plane stiffness and
buckling strength of the wall plate, which would then resist the lateral loads through in-
plane shear instead of tension field action. In addition, due to the “accordion effects”, axial
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stiffness will be at its minimum when perpendicular to the rib and greatly enhanced when
parallel to the rib. In addition, horizontal or vertical corrugation could either minimize
or resist the vertical stresses transferred to the wall plates from gravity loads and thus
avoid buckling during construction. Therefore, corrugated wall plates could be erected
simultaneously with the rest of the story and considerably increase construction speed,
especially for high-rises.

Figure 1. Corrugated steel plate shear wall.

Experimental [8–17] and numerical analysis [18–23] have been conducted on the cyclic
and lateral behavior of CoSPSWs and have revealed that the hysteresis curve pinching of
flat wall plates could be obviously improved and energy dissipation could be increased
accordingly [20,21], and the corrugated wall plates could even achieve shear yielding
sometimes, which significantly lowered the anchoring forces on the boundary frame [15].
Furthermore, extended research has been conducted on corrugated steel shear walls with
perforations or openings [24–27], a reduced beam section [28,29], a semi-rigid boundary
frame [30], and a low-yield-point steel wall panel [31], as well as on the application of
corrugated steel shear walls in a modular structural design [32]. A performance-based
seismic design (PBSD) procedure has also been proposed [33], and time-history analyses
have revealed that the inter-story drift of the CoSPSW with PBSD distributed more smoothly
than the CoSPSW with a traditional design, which helped to avoid weak stories.

In order to acquire a rational estimation of potential seismic losses, the seismic perfor-
mance of structures could be quantitatively evaluated through a probabilistic assessment
method, which is realized by developing analytical fragility functions. Fragility functions
are statistical models that could predict the possibility of structures reaching or exceeding
different damage states under different earthquake intensities; therefore, they could charac-
terize the seismic performance of structures quantitatively and describe the relationship
between the earthquake intensity and the damage state of structures.

Researchers have conducted probabilistic seismic assessment on various wall struc-
tures and evaluated their seismic performance by developing fragility functions for different
damage states or repair states. Baldvins et al. [34] established twelve damage states and
five repair states of SPSWs based on experimental results and observations and developed
the fragility functions for each repair state. Negar et al. [35] established five damage states
and the corresponding repair states of steel-plate concrete composite shear walls based on
experimental results and observations and derived the fragility functions for the damage
states associated with concrete crushing and faceplate fracture. Wang et al. [36] conducted
incremental dynamic analyses on coupled low-yield-point steel plate shear walls, based
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on which six damage states were established and fragility functions were developed for
different damage states.

In addition, probabilistic seismic assessment was conducted on structural frames
retrofitted with different types of steel walls or panels using fragility functions for dif-
ferent damage states or repair states. Zhang et al. [37] conducted time-history analyses
on retrofitted SPSW systems in order to develop the fragility functions and found that
the SPSW with low-yield-point steel wall plates had lower seismic vulnerability than
the SPSW with ordinary steel wall plates. Jiang et al. [38,39] conducted incremental
dynamic analyses on steel frames retrofitted with steel panels and developed the fragility
functions and validated the effectiveness of adding steel panels to reduce the seismic vul-
nerability of existing steel frame buildings. Bu et al. [40] conducted incremental dynamic
analyses on steel frames equipped with four different types of steel slit shear walls and
developed the fragility functions, and the type with best performance was identified
for all damage states. Currently, research on the probabilistic seismic assessment of
CoSPSWs is still very limited.

In this paper, the seismic performance of CoSPSWs will be quantitatively evaluated
through the probabilistic assessment method using fragility functions, which has not
been reported in current literature. The damage states and corresponding repair states of
CoSPSWs will first be established through experimental results and test observations. Then,
incremental dynamic analyses will be conducted on a 10-story CoSPSW using PBSD, based
on which analytical fragility functions will be developed for the different damage and repair
states of structural and nonstructural components. Finally, the seismic performance and
vulnerability of the CoSPSW and the SPSW are evaluated and compared probabilistically
using the fragility functions.

2. Damage States and Repair States

2.1. Establishment of Damage States and Repair States

The seismic performance and the vulnerability of the structures can be assessed
through the probabilistic assessment, which estimates the probabilistic structural re-
sponse, i.e., the engineering demand parameter (EDP) as a function of ground motion
intensity, i.e., the intensity measure (IM), and uses quantitative measures to evaluate
the structural and nonstructural performance under seismic loads [37]. Therefore, first
it is necessary to determine the engineering demand parameter, which could be peak
inter-story drift, peak floor acceleration or ductility, etc. As the peak inter-story drift and
the peak floor acceleration are used for seismic loss estimation in HAZUS-MH MR5 [41],
these two structural response factors were chosen as the engineering demand parameter
(EDP) in this study. The geometry and peak inter-story drift of 19 corrugated steel plate
shear wall specimens from nine cyclic tests are summarized and shown in Table 1 below.

From the test observations on the 19 specimens listed in Table 1 and the relevant
damage states of SPSW [34], 12 damage states (DS1–DS12) and 5 repair states (RS1–RS5)
were established to describe the damage degree of the CoSPSW specimens and deter-
mine the corresponding repair methods, as shown in Tables 2 and 3. For damage states
DS1,2,4,5, and 6, structural repair is not necessary as there is no permanent residual
deformation. For damage states DS 3 and 9, the corrugated web plate suffers relatively
severe damage and cannot recover the initial state. Thus, the infilled corrugated web
plate needs to be replaced. For DS7,8,10, and 11, FEMA 352 (FEMA 2000) [42] recom-
mends that the frame members should be repaired when the buckling degree exceeds
tolerances and offers details for various repair methods depending on the extent of the
damage. For DS12, the structure suffers extreme damage and the VBEs and HBEs, or the
entire CoSPSW, need to be replaced.
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Table 1. Test data of 19 corrugated steel plate shear wall specimens.

Specimen No. Thickness (mm) Aspect Ratio (L/H)
Height-to-Thickness

Ratio (H/t)
Peak Inter-Story

Drift (%)

Emami [9] S-2
S-3

1.25
1.25

1.33
1.33

1184
1184

6.10
6.10

Hos [11]
C-30
C-45
C-60

1.25
1.25
1.25

1.20
1.20
1.20

1261
1261
1261

6.35
6.35
6.35

Ding [12]

CSPSW-1
CSPSW-2
CSPSW-3
CSPSW-4

1.60
2.00
1.60
1.66

1.22
1.22
0.83
1.22

1687
1687
1687
1687

4.00
2.20
4.00
2.10

Sudeok Shon [13] FR-TR-V
FR-TR-H

3.20
3.20

1.69
1.69

555
555

8.00
8.00

Cao [14] S-1
S-2

2.93
2.47

0.96
0.71

425
628

2.53
1.48

Zhao [15]
S-2
S-3
S-4

2.00
2.00
2.00

1.00
1.00
1.00

550
550
550

5.00
4.00
4.50

Wang [16] SPSW-2
SPSW-3

3.00
3.00

0.70
0.70

660
660

1.90
2.30

Jin [17] CoSPSW 5.00 1.00 180 2.50

Table 2. Damage states.

Damage State Description
Damage

State
Description

1 Elastic Web Plate Buckling for Slender
Corrugated Web Plate 7 HBE Local Buckling Requiring Repair

2 Initial Corrugated Web Plate Yielding 8 VBE Local Buckling Requiring Repair

3 Significant Plastic Deformation of
Corrugated Web Plate 9 Corrugated Web Plate Cracking

4 Initial HBE and/or VBE Yielding 10 HBE and HBE-to-VBE Connection Cracking

5 Initial VBE Local Buckling 11 VBE Cracking

6 Initial HBE Local Buckling 12 Connection and/or Boundary Frame Failure

Table 3. Repair states and corresponding damage states.

Repair State Description Corresponding Damage States

1 Cosmetic repair 1,2,4,5,6

2 Replace Web Plate 3,9

3 HBE and Connection Repair 7,10

4 VBE Repair 8,11

5 Replace Boundary Elements or Frame 12

The inter-story drifts are also recorded from the test observations on the 19 specimens
listed in Table 4. The median value, coefficient of variation, and the number of data points
of the inter-story drift for each damage state and repair state are listed in Tables 4 and 5,
respectively. Figure 2 shows the distribution of the repair states and the corresponding
inter-story drift. As shown in Table 4, the median drift increases with the damage state,
which indicates that the ordering of the states is proper and consistent with the damage
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sequence. From Table 5 and Figure 2, it can be known that for RS1, RS2, and RS4 the
results are more accurate because the number of data points is more abundant, with a
smaller dispersion. For RS3, there are fewer data points and related descriptions; so, the
determination of this repair state is more subjective. For RS5, as the ultimate performance
of the CoSPSW is obviously affected by the wall corrugation configuration that varies with
each group of test specimens, the dispersion of the data points is more obvious. Figure 2
also shows that the inter-story drift gradually increases when the repair state varies from
RS1 to RS5, which further shows that the established repair state sequence is reasonable
and consistent with the ideal failure sequence of the CoSPSW. It is worth noting that the
height-to-thickness ratio of the specimens collected in this paper ranges from 425 to 1261,
and the aspect ratio ranges from 1 to 1.33.

Table 4. The inter-story drift data of 19 tested specimens of each damage state.

DS Median (%) COV Data Points

1 0.19 0.15 5

2 0.25 0.32 4

3 0.42 0.39 10

4 0.26 0.45 5

5 - - 0

6 - - 0

7 1.07 0.20 2

8 1.25 0.17 5

9 1.37 0.35 10

10 - - 0

11 3.00 0.10 3

12 4.10 0.39 10

Table 5. The inter-story drift data of 19 tested specimens of each repair state.

RS Median (%) COV Data Points

1 0.19 0.38 14

2 0.80 0.63 20

3 1.07 0.20 2

4 1.51 0.40 8

5 4.10 0.39 10

Figure 2. Distribution diagram of repair state data and inter-story drift.
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2.2. Calibration of Recommended Values of Inter-Story Drift

The damage and repair probability are estimated based on the threshold values of
the structural response parameters, e.g., inter-story drift. These threshold values of differ-
ent repair states are generally obtained from test observations and adjusted through the
maximum likelihood method. The values of inter-story drift determined by the maximum
likelihood method would be more reasonable as they can avoid the random errors caused
by using the median and standard deviation of the sample data directly.

Table 6 lists the median value and standard deviation value of inter-story drift, calcu-
lated through the maximum likelihood method using Matlab. It can be seen from Table 6
that the calculated value θx is close to the median value of the inter-story drift in Table 5.
In addition, the calculated value βx is further adjusted for the convenience of practical
application, according to the recommendation of ATC-58 [43], as in Equation (1) below.
Finally, the adjusted θx and β values are appropriately rounded up to θrec and βrec for the
convenience of the design and application, as shown in Table 6.

β =
√

β2
x + β2

u (1)

where βx is the standard deviation value calculated by the maximum likelihood method,
and βu is taken as 0.25 in order to consider uncertainty in the statistics and the limitation of
the number of experimental data.

Table 6. Repair state statistics and recommended values (%).

Repair State θx βx β θrec βrec

RS1 0.23 0.31 0.39 0.20 0.40
RS2 0.80 0.63 0.67 0.80 0.50
RS3 1.06 0.14 0.29 1.00 0.40
RS4 1.76 0.38 0.46 1.80 0.40
RS5 4.31 0.47 0.54 4.30 0.50

Table 7 summarizes the recommended inter-story drift θrec of each repair state and the
corresponding description of the CoSPSWs and SPSWs, in which the recommended inter-
story drift and repair states for the SPSWs were established by Baldvins et al. [34], based
on experimental observations. As seen in Table 7, no inter-story drift was recommended
for RS4 because there were not enough experimental data. The recommended inter-story
drift of “Repair boundary column” for the SPSW is lower than that of the CoSPSW because
the anchoring forces from the yielding of the diagonal tension field in the flat wall plates in
the SPSW would increase the damage degree of the boundary column.

Table 7. Repair states and recommended inter-story drift of CoSPSWs and SPSWs.

Repair States
Recommended Inter-Story Drift Description

CoSPSW SPSW CoSPSW SPSW

RS1 0.002 0.004 Repair infill wall surface

RS2 0.008 0.006 Replace infill wall

RS3 0.01 0.015 Repair boundary beam and
beam-column connection Repair boundary column

RS4 0.018 - Repair boundary column Repair boundary beam and
beam-column connection

RS5 0.043 0.0275 Replace boundary beam, column, or frame

Tables 8 and 9 show the damage degrees of drift-sensitive and acceleration-sensitive
nonstructural members, according to the recommendation of HAZUS-MH MR5 [41], which
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are divided into four grades, namely “slight”, “moderate”, “severe”, and “complete”. The
seismic performance and vulnerability assessment of the structure will be conducted in
later sections using these repair states/damage states and the corresponding inter-story
drift or peak floor acceleration.

Table 8. Damage states for nonstructural drift-sensitive components.

Damage States Slight Moderate Extensive Complete

Inter-story drift 0.004 0.008 0.025 0.050

Table 9. Damage states for nonstructural acceleration-sensitive components.

Damage States Slight Moderate Extensive Complete

Peak floor acceleration 0.3 g 0.6 g 1.2 g 2.4 g

3. Incremental Dynamic Analyses

3.1. Structural Models

In order to obtain the relationship between the EDP and the IM, incremental dynamic
analyses were conducted on 10-story CoSPSW structures designed with PBSD [33], based
on which the fragility function was developed, and the probabilistic vulnerability was
assessed. For comparison, two models were studied: (i) a 10-story CoSPSW with a span of
4.5 m and a story height of 3.2 m and (ii) a 10-story SPSW using a flat steel plate with the
same thickness and boundary frame as that of the 10-story CoSPSW. The floor plan is shown
in Figure 3. The dead (live) load was 4.0 (2.0) kN/m2 on the floors and 4.5 (2.0) kN/m2

on the roof. The construction site is Class II (i.e., medium-stiff soil) within a region of
Seismic Intensity 8 and Design Earthquake Group I [44]. The floor was 120 mm thick
cast-in-place concrete, and the beams and columns were steel welded H-sections with
rigid beam-column connections. Q235B grade steel (235 MPa design yield strength) and
Q345B grade steel (345 MPa design yield strength) were used for the wall plates and frame
members, respectively. The corrugation depth and wavelength of the corrugated wall plate
were 100 mm and 400 mm, respectively, and the width of the subpanels was uniform. The
design parameters and member sections are shown in Tables 10 and 11.

Figure 3. Floor Plan of the Structure.
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Table 10. Design Parameters for the structural model.

Design Parameter Value

Horizontal seismic influence factor 0.463
Spectral acceleration Sa/g 1.106
Fundamental period T/s 1.152

Yield drift θy 0.005
Target drift θu 0.025

Ductility coefficient μs 5
Ductility reduction coefficient Rμ 5

Energy correction factor γ 0.360
ξ 2.745

Vy/W 0.152

Table 11. Member Sections from of the structural model.

Floor Columns in the Wall Plate Span * Columns Outside the Wall Plate Span * Wall Plate Thickness (mm)

10 H450 × 450 × 12 × 20 H350 × 350 × 16 × 18 1.8
9 H500 × 500 × 14 × 22 H400 × 400 × 16 × 18 3.0
8 H550 × 550 × 18 × 26 H400 × 400 × 16 × 20 4.0
7 H600 × 600 × 24 × 32 H450 × 450 × 16 × 22 4.9
6 H600 × 600 × 32 × 42 H450 × 450 × 20 × 26 5.6
5 H650 × 650 × 36 × 48 H500 × 500 × 20 × 26 6.3
4 H650 × 650 × 48 × 56 H500 × 500 × 24 × 28 6.9
3 H700 × 700 × 48 × 56 H550 × 550 × 24 × 28 7.3
2 H750 × 750 × 56 × 64 H550 × 550 × 28 × 32 7.6
1 H750 × 750 × 68 × 72 H600 × 600 × 28 × 36 7.8

* Note: H sections: overall depth (mm) × flange width (mm) × web thickness (mm) × flange thickness (mm).

3.2. Finite Element Models

Two 3-span structural models with wall plates in the interior span and moment frames
in the exterior spans were modeled using finite element software ABAQUS (SIMULIA, 2014),
as shown in Figure 4. Both the frame beams and the columns were modeled using beam
element B31, while the corrugated wall plates were simplified into an equivalent braces
model [45] using truss element T3D2, according to the principle of equivalent lateral
stiffness and strength. The area Aeb and the yield strength f eb of the equivalent brace
model were calculated from Equation (2) and Equation (4), respectively [45]. The flat wall
plates were simplified into a strip model, in which 10 equally spaced discrete tension-only
strips oriented at 45◦ relative to the vertical were represented. The truss element T3D2 was
used to model the strip, and the area of strip As was calculated from Equation (5). The
out-of-plane displacements were restrained at all the beam-column joints, and the columns
were fixed at the base. A bilinear elastoplastic constitutive model that considered the strain
hardening was adopted for the steel material of the infill wall plate and the boundary
members, with an elastic modulus E = 206 GPa, a strain hardening modulus Eh = 0.01E, a
Poisson’s ratio v = 0.3, and yield strengths of 235 MPa and 345 MPa, respectively.

Aeb =
KPleb

2E cos2 β
(2)

KP =
0.95Eqcolnt

2hsco(1 + ν)
(3)

feb =
τcrlnt

2Aeb cos β
(4)

As =
tw
√

L2
e + H2

e
n2

cos[45
◦ − tan−1(He/Le)] (5)
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where leb is the length of the equivalent brace; qco and sco are the wavelength and corrugation
developed length, respectively; tw is the thickness of the wall plate; Le and He are the net
width and net height of the wall plate; and n2 is the number of tension-only strips, which
was taken as 10 in this study.

  
(a) (b) (c) 

Figure 4. Finite Element Model: (a) the 3-span structure, (b) the SPSW model, and (c) the CoSPSW model.

The accuracy of the finite element model was validated by comparing the numerical
analysis results with the experimental results. In order to accomplish the validation, the
cyclic experimental specimen of a single-story CoSPSW specimen [9] and a three-story
SPSW specimen [46] were considered. As shown in Figure 5, the hysteretic curve of the
finite element analysis correlates well with the experiment results, which means that the
equivalent braces model and the tension-only strip model are appropriate and precise in
reflecting the responses of the CoSPSW and SPSW, respectively.

(a) (b) 

Figure 5. Validation of the finite element analysis: (a) validation of CoSPSW model, (b) validation of
SPSW model.

3.3. Incremental Dynamic Analyses

Incremental dynamic analyses (IDA) were carried out on both the CoSPSW and the
SPSW structures, in which additional masses were applied at the beam-column joints, and
the earthquake excitation was input through the base. As shown in Table 12, ten earthquake
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excitation records with a magnitude of higher than 6.5, an effective period larger than
4 s, and different spectrum characteristics were selected, according to the Chinese seismic
design specification [44]. The peak ground acceleration (PGA) of the seismic excitations was
adjusted from 0.1 g to 1.2 g, with an interval of 0.1 g for the incremental dynamic analyses.

Table 12. Selected Ground Motions.

Record No. Record
Minimum

Frequency (Hz)
PGA
(g)

PGV *
(cm/s)

RSN0169 IMPVALL.H_H-DLT352 0.09 0.35 33
RSN0174 IMPVALL.H_H-E11230 0.10 0.38 45
RSN0752 LOMAP_CAP090 0.25 0.51 38
RSN0767 LOMAP_G03090 0.13 0.56 45
RSN0953 NORTHR_MUL279 0.15 0.49 67
RSN0960 NORTHR_LOS270 0.13 0.47 41
RSN1111 KOBE_NIS090 0.13 0.48 47
RSN1485 CHICHI_TCU045N 0.05 0.51 46
RSN1602 DUZCE_BOL090 0.06 0.81 66
RSN1787 HECTOR_HEC090 0.04 0.33 45

Note: * PGV: peak ground velocity.

In this study, the inter-story drift and the peak floor acceleration were chosen as the
engineering demand parameter (EDP), and the peak ground acceleration (PGA) was chosen
as the intensity measure (IM), with reference to previous studies on the probabilistic assess-
ment of various structures, including SPSWs [37]. The probabilistic seismic assessment was
then employed to relate the EDPs to the IMs and derive the fragility functions. The mean
and standard deviation of the EDP for a given IM were estimated by regression analysis,
and the relationship between the mean EDP and IM is as follows:

EDP = a(IM)b or ln(EDP) = b ln(IM) + ln(a) (6)

where the constants a and b are the regression coefficients obtained from the IDA analysis. It
is assumed that the remaining variability in ln (EDP) for a given IM has a constant variance
for all IMs, and the standard deviation can be obtained as follows [47]:

ζEDP|IM =

√√√√√ N
∑

i=1

[
ln(EDPi)− ln

(
a(IMi)

b
)]2

N − 2
(7)

where N is the number of EDP-IM pairs, and EDPi and IMi are the values of the i-th pair.
From the incremental dynamic analyses, a large number of peak inter-story drift,

peak floor acceleration, and corresponding PGA, i.e., EDP-IM, data pairs were obtained,
and ln[IM = PGA] − ln[EDP = Drift] and ln[IM = PGA] − ln[EDP = PFA] are plotted in
Figures 6 and 7, respectively. The values of parameters a and b can be obtained by perform-
ing regression analysis on the ln [IM = PGA] and ln [EDP = Drift] from the incremental
dynamic analysis results. The coefficient R2, which describes the quality of the fitting
effect of the two parameters, was obtained through linear regression analyses, and R2

was near 0.8 for the two EDP-IM pairs of the SPSW and CoSPSW structures, indicating a
strong correlation. Therefore, the Drift-PGA and PFA-PGA data pairs were appropriate
for developing the fragility functions. The lognormal distribution parameters a and b,
the standard deviation ζEDP|IM, and the functions were then determined and are shown
in Table 13.
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(a) (b) 

Figure 6. Relationship between ln[IM = PGA] and ln[EDP = Drift]: (a) CoSPSW, (b) SPSW.

(a) (b) 

Figure 7. Relationship between ln[IM = PGA] and ln[EDP = PFA]: (a) CoSPSW, (b) SPSW.

Table 13. Regression coefficients, standard deviation, and function for EDP–IM data pairs.

Model
Selected Regression Coefficients

ζEDP|IM Function
EDP IM a b

CoSPSW
Drift PGA 0.0244 0.7633 0.2792 Drift = 0.0244(PGA)0.7633

PFA PGA 1.3054 0.6144 0.1882 PFA = 1.3054(PGA)0.6144

SPSW
Drift PGA 0.0421 1.1021 0.2919 Drift = 0.0421(PGA)1.1021

PFA PGA 1.4613 0.6534 0.2810 PFA = 1.4613(PGA)0.6534

4. Probabilistic Assessment

4.1. Fragility Functions

Assuming that the engineering demand parameter (EDP), i.e., the peak inter-story
drift and the peak floor acceleration, has a lognormal distribution for a given intensity
measure (IM), then the fragility function defining the probability of the EDP reaching or
exceeding a certain limit state (LS) under a given IM is as follows

P(EDP ≥ LS|IM) = 1 −
∫ LS

0

1√
2π · ζEDP|IM · EDP

· e

[
− 1

2

(
ln (EDP)−ln (a(IM)b)

ζEDP|IM

)2
]
· d(EDP) (8)
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Accordingly, ln (EDP) can be considered to have a standard normal distribution, and
Equation (8) could be simplified into the following equation, using the standard normal
cumulative distribution function Φ (·):

P(EDP ≥ LS|IM) = 1 − Φ

⎛⎝ ln(LS)− ln
(

a(IM)b
)

ζEDP|IM

⎞⎠ (9)

The damage and repair probability were determined based on the threshold values
of the EDP, e.g., the inter-story drift and peak-floor acceleration, which initiate different
damage states and repair states. These threshold values are LS in Equations (8) and (9) and
are shown in Tables 7–9. According to the considered threshold values of the repair/damage
states and the regression coefficients obtained through IDA analysis, the fragility curves for
the structural and nonstructural components were obtained for the 10-story CoSPSW and
SPSW, respectively, and are shown in Figures 8–10.

 
(a) (b) 

Figure 8. Structural Fragility Curves: (a) CoSPSW, (b) SPSW.

 
(a) (b) 

Figure 9. Drift-sensitive nonstructural components fragility curves: (a) CoSPSW, (b) SPSW.

4.2. Seismic Vulnerability

When the variation is similar, the seismic vulnerabilities of the different structures
could be compared through the 25th percentile PGA values, i.e., the PGA values corre-
sponding to exceeding the probability of 25% [48]. The larger the 25th percentile PGA
values, the better the structural performance in earthquakes, as it indicates that the struc-
ture needs to undergo higher levels of seismicity to suffer the damage level. The seismic
vulnerability of the CoSPSW and the SPSW structures were then assessed by comparing
the 25th percentile PGA values of the structural and nonstructural fragility curves for the
damage/repair states, as shown in Figures 11–13.
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(a) (b) 

Figure 10. Acceleration-sensitive nonstructural components fragility curves: (a) CoSPSW, (b) SPSW.

Figure 11. The 25th percentile PGA from structural fragility curves.

 
Figure 12. The 25th percentile PGA from drift-sensitive nonstructural fragility curves.
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Figure 13. The 25th percentile PGA from acceleration-sensitive nonstructural fragility curves.

It is clear from Figures 11–13 that from the RS1 to the RS5 repair states and from
the “Slight” to the “Complete” damage states, the 25th percentile PGA values for both
the CoSPSW structure and the SPSW structure increase significantly, indicating that the
structures would experience more serious damages with the increase in seismic intensity.
Furthermore, from the RS1 to the RS5 repair states, the 25th percentile PGA values of the
fragility curves of the CoSPSW structure are 22%, 33%, 18%, and 62% higher than those
of the SPSW structure, respectively. For the same repair method concerning the repair of
the boundary column (the RS4 of the CoSPSW), the 25th percentile PGA value is 0.53 g,
which is 55% higher than the RS3 of the SPSW. This indicates that for a given damage
state, the CoSPSW is required to undergo higher levels of seismicity to suffer the same
damage degree as the SPSW. For the drift-sensitive nonstructural damage state of “Slight”
to “Complete”, the 25th percentile PGA values of the fragility curves of the CoSPSW
structure are 22%, 5%, 54%, and 51% higher than those of the SPSW structure, respectively.
For the acceleration-sensitive nonstructural damage state of “Slight” to “Complete”, the
25th percentile PGA values of the fragility curves of the CoSPSW structure are 13%, 24%,
28%, and 32% higher than those of the SPSW structure, respectively.

Therefore, as the number of damage states/repair states increases, the 25th percentile
PGA values of the CoSPSW become obviously higher than those of the SPSW, which
indicates that the CoSPSW has a lower seismic vulnerability and probability of structural
and nonstructural damage than the SPSW structure, especially for the repair state RS5
for the structural members and the “extensive” and “complete” damage states for the
non-structural members.

5. Conclusions

(1) The inter-story drift data on the seismic performance of the corrugated steel plate
shear walls (CoSPSWs) were collected and analyzed. The observations on the cyclic
behavior of the 19 CoSPSW test specimens have resulted in the development of twelve
damage states. Five repair states were also proposed to consider the difficulty of repairing
the observed damage following the earthquake, ranging from cosmetic repair to member
or boundary frame replacement.

(2) In order to avoid the random error caused by the direct use of the median and
standard deviation of the test data, the maximum likelihood method was used to calculate
the median value and the standard deviation value of the inter-story drift. According to
ATC58, the recommended median value θrec and the standard deviation value βrec of the
inter-story drift corresponding to the different repair states of the CoSPSW were derived
and were used as the threshold value of each repair state in the fragility function.
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(3) Incremental dynamic analyses (IDA) were conducted on a 10-story CoSPSW struc-
ture and a conventional steel plate shear wall (SPSW) structure with the same wall plate
thickness and boundary frame. From the IDA results, the relationship between the EDP
(peak inter-story drift/peak floor acceleration) and the IM (PGA) were obtained. The coeffi-
cient R2 was approximately 0.8, which meant that the data-fitting was relatively precise.
Based on the relationship between the EDP and the IM, the regression coefficients in the
fragility function were obtained.

(4) According to the recommended threshold values of the repair/damage states
and the regression coefficients obtained through incremental dynamic analyses (IDA),
fragility curves were obtained for the 10-story CoSPSW structure and the SPSW structure,
respectively. It was shown that the 25th percentile PGA of the CoSPSW was higher than
that of the SPSW for various repair states and damage states, especially for the repair state
RS5 for the structural members and the “extensive” and “complete” damage states for the
non-structural members. Therefore, the CoSPSW structure had a lower damage degree and
better seismic behavior than the SPSW structure.
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Abstract: The paper proposes partially connected steel plate shear walls, in which the infill plates and
frames are connected by discretely distributed fish plates at the corners and at the centers. The high
lateral resistance of a steel plate shear wall has led to its widespread use in the design of structural shear
resistance. In this paper, finite element models of the partially connected steel plate shear walls are
established by the finite element method, and the effect of the different partial connections on the shear
strength is firstly investigated. Moreover, the variation of the shear strength with the plate-to-frame
connectivity ratio is analyzed numerically, and the effect of the connectivity ratio on the development of
the tensile field is studied. Based on the numerical analysis results, the effect of the connectivity ratio
on shear strength is evident at low levels. When the connectivity ratio is over 80%, the shear strength
of the partially connected steel plate shear wall can reach 95% of that of the fully connected steel plate
shear wall. When the connection ratio is at a low level, the advantages of the central connection on
the shear strength of the structures are higher than those with corner connections. Furthermore, the
fitting formula for the partially connected steel plate shear wall is obtained by changing the connectivity
ratio and width-to-height ratio of the examples, which can predict the shear capacity of the partially
connected steel plate shear wall with different partial connections.

Keywords: partially connected steel plate shear wall; shear strength; connectivity ratio; finite element
method; design formula

1. Introduction

The infill plate of steel plate shear wall (SPSW) structures is usually fully connected
to the boundary elements by fish plates or bolts (Figure 1). The steel plate shear wall has
high lateral resistance and energy dissipation capability [1], hence, it is a better choice
for lateral resistant members of structures and is widely used in multi-rise and super-
tall structures. In 1931, Wanger [2] studied the post-buckling strength of thin aluminum
alloys and proposed the “Theory of pure diagonal tension”. Then, Basler [3] considered
uniform tensile stresses in the tensile field and presented the shear force of a thin steel
web. In 1983, Thorburn et al. [4] applied the theory of tensile field to thin steel plate shear
walls. Since then, many types of thin steel plate shear walls were developed, including
unstiffened, stiffened, buckling-restrained, perforated, composited, low-yield-point steel
or aluminum [5–10], and metal shear panels show good performance [11]. Among them,
unstiffened steel plate shear walls are the most basic and common. The development of
the tension field of the infill plate affects the bearing capacity of the structure. Therefore,
the performance of the infill plate after buckling and the lateral resistance of the infill plate
with different boundary conditions are the focus of the study.

Yu et al. [12] proposed a new connection type, allowing for reducing the requirement
of bolt hole accuracy for traditional bolted connections. The infill plate is connected to
boundary frames through angles steel, which can facilitate the installation and maintenance
of steel plate shear walls. Paslar et al. [13] studied six different connection types of plate-to-
frame connections and evaluated their structural performance by comparing them with
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the fully connected plate, as shown in Figure 2. The infill plate connected to the columns
reduces the bearing capacity more than the plate connected to the beams. When the ratio of
plate-to-frame connection is above 80%, all lateral resistance properties can reach 95% of the
full connection type, including lateral load capacity, ductility, and stiffness. Azandariani
et al. [14] conducted a parametric analysis with a three-story steel plate shear wall and
studied the base shear capacity of SPSWs with partial plate-to-column connections of
different width-to-height (aspect) ratios and high-to-thickness ratios. The results show that
partial plate-to-column connections can reduce the additional effect on the columns, but the
stiffness and shear strength of the structure decreased by approximately 25% on average.

Figure 1. Steel plate shear wall.

Figure 2. Steel plate shear wall with partial connection.

Wei et al. [15,16] proposed a buckling-restrained SPSW with four-corner connections,
where the structure is only connected to the boundary frame at the four corners of the infill
plate. Du et al. [17] proposed to partially connect the infill plate of the buckling-restrained
SPSW to the concrete-filled steel tubular columns, including the four-corner connection
and partial column connection. Mirsadeghi and Fanaie [18] investigated the effect of the
plate-to-column connectivity ratio on structural performance. Through experiments and
numerical calculations, when the ratio of the plate-to-frame connection exceeds 70%, the
plate develops entire parallel tensile strips.

There are some papers that demonstrate that the finite element software ABAQUS [19]
can simulate the shear behavior of the steel plate shear wall by using a reasonable set of
material parameters and boundary conditions [20–22]. Moreover, numerical simulations
are in good agreement with the experimental results and save time and the cost of tests [23].
Thus, finite element simulations can be used to predict the behavior of the structures.
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Currently, the primary focus of existing research is a quantitative analysis of the
overall behavior of the partially connected steel plate shear wall (PC-SPSW). However, the
results of the investigation on the shear strength of the infill plate are less encouraging,
and the bearing capacity calculation formulae that take the connectivity ratio into account
are unavailable. This study proposes eight different types of PC-SPSW. The effect of
connectivity ratios on the shear behavior of the infill plate is studied by the finite element
(FE) method, and the calculation formula of structural shear strength is provided.

2. Theoretical Analysis and Finite Element Modeling

2.1. Shear Strength of Infill Plate

The shear strength results of the finite element model are compatible with the test
results and the theoretical calculation formula Equation (1). The shear strength of a thin
infill plate with width b, height h, and thickness t can be calculated by the following
equations [24].

Fplate = btτcr +
1
2

btσt sin(2θ) (1)⎧⎨⎩ τcr =
Kπ2E

12(1−ν)2

( t
b
)2

σt = − 3
2 τcr sin 2θ +

√
σ2

y +
( 9

4 sin2 2θ − 3
)
τ2

cr

(2)

where τcr is the elastic buckling shear stress; σt is field tensile stress; σy is yield stress of
steel plate; θ is the tension field inclination with respect to the vertical axis, which generally
can be simplified to take 45◦; K is the elastic buckling coefficient and can be calculated by
the following formula when the four edges of the plate are simply supported [25]; ν is the
Poisson’s ratio, which is taken as 0.3.⎧⎪⎨⎪⎩ K= 5.35+4

(
b
h

)2 b
h ≥ 1

K= 4 + 5.35
(

b
h

)2 b
h < 1

(3)

The specification [26] ignores the elastic buckling load of the infill plate, thus field
tensile stress σt can be taken as the yield stress σy. Thus, the theoretical value of the shear
strength of the infill plate can be calculated by Equation (4).

Fplate =
1
2

btσy sin(2θ) (4)

The beam-only connected steel plate shear wall can be seen as a type of PC-SPSW with
a connectivity ratio of 0 to the column, as shown in Figure 3a. Ozcelik and Clayton [27]
propose a method for calculating the base shear of the steel plate shear wall with a beam-
connected web plate, as shown in Equations (5)–(7).

Fplate =
1
2

(
1 − tan θ

b/h

)
btσy sin(2θ) (5)

θ = η tan−1
(

b
h

)
(6)

η = 0.55 − 0.03
(

b
h

)
≥ 0.51 (7)

The shear strength of the steel plate shear wall which is partially connected to columns
from two corners can be calculated using Equation (8) [18]. Where hnc is not connected to a
length of the plate in Figure 3b.

Fplate =
1
2
(1 − hnc tan θ)btσy sin(2θ) (8)
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Wei et al. [15] assume the diagonal formation of tension and compression fields,
illustrated in Figure 3c and equivalent tension and compression strips are used to calculate
the shear strength of the structure. By comparing Equations (4), (5), and (8), it can be seen
that the shear strength of PC-SPSW is related to the fully connected steel plate shear walls
with the connectivity ratio γ, such as Equation (9).

F = [1 − f (γ)]Fplate = [1 − f (γ)]
1
2

σybt sin(2θ) (9)

Figure 3. Simplified mechanical model for PC-SPSW: (a) Only beam connection; (b) Partially column
connection; (c) Four-corner connection.

2.2. Basic Model

First, a base model of SPSW with the pin-connected frame was established to study the
shear capacity of the infill plate, and the results of the finite element model were compared
with the theoretical equation of shear strength to verify the feasibility of the finite element
model practicality.

Table 1 lists the parameters of the steel plate shear wall model. The sections of the beams
and columns are H750 mm × 600 mm × 18 mm × 36 mm and H600 mm × 600 mm × 18 mm
× 36 mm, respectively, ensuring that the frame has enough rigidity to allow the steel plate
material properties can be fully developed. The connection type of beam-to-column is pin
linked. As a result, the influence of bearing capacity from the frame is eliminated.

Table 1. Parameters of SPSW model (Unit: mm).

Section of Column Section of Beam h of Plate b of Plate t of Plate

H600 mm × 600 mm × 18 mm × 36 mm H750 mm × 600 mm × 18 mm × 36 mm 3000 3000 10

A base model of the steel plate shear wall is established in ABAQUS 6.13 developed
by Dassault Systèmes, Waltham, MA, USA [19]. The beams and columns use beam element
B31. The infill plate uses shell element S4R, which is suitable for thin panels with hourglass
control [28]. The thickness direction of the plate uses the Simpson integral with a thickness
integration point of 5. The beam-column connection is a PIN connection by MPC constraint,
and the infill plate-to-frame connection is simulated by a TIE connection. The effect of fish
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plates and residual stresses of the infill plate is not considered. The yield stresses of the
frame and the infill plate are 345 MPa and 240 MPa, respectively. The elastic modulus E of
steel is 206,000 MPa and von Mises criterion is used as the yield criterion.

2.3. Nonlinear Analysis

Steel plate shear walls deform in buckling before yielding, forming a tension field to
resist the shear forces. As the tension field develops, the out-of-plane deformation increases.
The structure reaches its ultimate state when the plate yields the material. Therefore,
considering the geometric and material nonlinearities can accurately determine the shear
capacity of the structure [29].

Furthermore, steel plates are not ideal flat plates and have initial defects due to
manufacturing, transportation and installation. Initial imperfections can be obtained in
three ways: the first is to actually measure the initial deformation of the plate; the second
is to use trigonometric stochastic theory to describe the deformation distribution; and the
third is to use the first-order buckling mode as the distribution model, assuming that the
initial imperfections are distributed according to the most unfavorable distribution. The
thin plate is very susceptible to buckling, and the amplitude of the initial imperfection does
not have a significant effect on the analysis results [30]. Thus, the first-order buckling mode
of the infill plate is used to approximate the distribution mode of the initial imperfection
with a maximum geometric imperfection amplitude of b/1000 [30].

The influence of different mesh sizes on the structure was analyzed, as shown in
Figure 4. When the mesh size was taken to be 400 mm or even less, the finite element results
were in error with the theoretical values by less than 5%. The ratio of FE results to the
theoretical value is basically 1 when 25 mm is taken, but it takes much time. Therefore, we
ended up with a mesh size of 100 mm to minimize computational time while maintaining
computational accuracy. The S4R element has no thickness, therefore, the mesh size of the
model is 100 mm (length) × 100 mm (width).

Figure 4. Curves of mesh size versus calculation accuracy and time.

The buckling analysis uses the subspace iterative method by ABAQUS/Buckle, the
results are shown in Figure 5a. Then, the static analysis is solved by Newton’s iterative
algorithm in ABAQUS/Standard with considering geometric nonlinearity. In addition,
material nonlinearity is considered and the stress–strain relationship of steel is an ideal
elastic–plastic model without strain hardening, as shown in Figure 5b. The horizontal
displacement is applied to the top beam to simulate the structure under shear load action
and the maximum drift angle is 3%.
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Figure 5. Finite element model of SPSW: (a) FE model of steel plate shear wall; (b) stress–strain
relationship.

2.4. Verifying of FE Model

Figure 6 shows the load–displacement curve, von Mises stress, and plastic strain distri-
bution of the SPSW model. At point A, the structure reaches the maximum bearing capacity
and the infill plate has fully yielded. Then, with the horizontal displacement continuing to
increase, the bearing capacity remains basically unchanged. The steel is assumed to be an ideal
elastoplastic material without considering the hardening and failure of the material, so the
ultimate bearing capacity of the structure at point B is equal to the theoretical shear strength of
the infill plate. It should be noted that although the stresses in the plate all reach the yield stress
of 240 MPa in Figure 6c, the plastic strain of the plate is not uniform and the strain changes
along the diagonal direction are large, as can be seen in Figure 6d. The theoretical shear strength
of the infill plate from Equation (4) is 3600 kN, and the ultimate bearing capacity obtained from
the finite element model is 3623 kN. Varying the model parameters, the finite element results
match the theoretical equation values, which can indicate the feasibility of the modeling and
can be used for the subsequent analysis.

Figure 6. Load–displacement curve and stress of SPSW: (a) Load–displacement curve; (b) Stress
distribution at point A; (c) Stress distribution at point B; (d) Plastic strain distribution at point B.
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2.5. Description of Partial Connections

Based on the above model, eight different types of plate-to-frame connections are
proposed, as shown in Figure 7. S1 is the plate that is completely attached to the beams,
however, it is partially connected to columns from the center. S1R differs from the S1 in that
it is partially connected to columns from two corners, with each connection segment being
the same length. S2 is connected to a column in two segments, as opposed to S1, which
has a one-segment connection. S3 and S4 plates are partially connected to both beams and
columns in the same connection types.

Figure 7. Different types of infill plate-to-frame connection: (a) S1; (b) S1R; (c) S2; (d) S2R; (e) S3;
(f) S3R; (g) S4; (h) S4R.

The ratio of the attached length of the plate to the full length of the plate is defined as
the plate-to-frame connectivity ratio, abbreviated as connectivity ratio γ. Table 2 list the
models with different connectivity ratios. For instance, the S1-P13 model indicates that the
S1 connection form with a connectivity ratio of about 13%; the S2-P100 means that the S2
connection form and the plate are fully connected to the columns.

Table 2. Models with different connectivity ratios.

Model
Connectivity Ratio

γ of S1, S1R (%)
Connectivity Ratio

γ of S3, S3R (%)
Model

Connectivity Ratio
γ of S2, S2R (%)

Connectivity Ratio
γ of S4, S4R (%)

P0 0 (Beamonly) - P0 0 (Beamonly) -
P13 13 13 P20 20 20
P27 27 27 P40 40 40
P40 40 40 P60 60 60
P53 53 53 P80 80 80
P67 67 67 P100 100 (full) 100 (full)
P80 80 80 - - -
P93 93 93 - - -

P100 100 (full) 100 (full) - - -
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3. Numerical Results

3.1. Structural Performance of S1 and S1R Models

S1 and S1R are both fully connected to the beams, but different from the connection
to the columns. The results of the shear strength of S1 and S1R are shown in Table 3, and
the relationship between shear strength and the connectivity ratio is shown in Figure 8.
The connectivity ratio can obviously affect the bearing capacity of steel plate shear wall
structures. When the connectivity ratio is 0, S1 and S1R are beam-only connected, and the
strengths of the models are approximately 53% reduced to that of the full connection model.
Although the beam-only type can avoid the influence of the tension field on the columns, it
also loses nearly half of the shear strength. In this way, the material properties of the infill
plate cannot be fully developed. With an increase in the connectivity ratio, the strength of
the structures gradually increases and approaches the shear strength of the fully connected
plate. At the same connectivity ratio, the strength of S1 is higher than that of S1R.

Figure 8. Load-displacement curves and stress distributions at 3% drift of S1 and S1R models: (a) S1;
(b) S1R; (c) S1-P13; (d) S1R-P13; (e) S1-P80; (f) S1R-P80.
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Table 3. Results of shear strength for S1 and S1R models.

Model Connectivity Ratio γ (%)
S1 S1R

Value (kN) Decrease Ratio (%) Value (kN) Decrease Ratio (%)

P0 0 (Beamonly) 1726 −52.91 1726 −52.91
P13 13 2615 −28.66 1997 −45.52
P27 27 2910 −20.62 2270 −38.07
P40 40 3251 −11.32 2589 −29.37
P53 53 3457 −5.70 2935 −19.94
P67 67 3585 −2.20 3259 −11.10
P80 80 3643 −0.62 3542 −3.38
P93 93 3665 −0.02 3660 −0.16
P100 100 (full) 3666 0 3666 0

From the stress diagram in Figure 8, when the connectivity ratio is small, the S1-P13
and S1R-P13 have a large area of the plate that does not reach the yield stress, of which S1R
is larger. The steel cannot fully yield resulting in low bearing capacity. The development of
the tension field was seriously affected in the unattached part due to the lack of anchorage
from boundary elements. This effect decreases with an increase in connectivity ratio. The
shear strength of the S1-P67, for which the connectivity ratio is 67%, almost reaches the full
connection. For S1R, the shear strength of which almost reaches the fully connected type is
the S1R-P80 model. When the beam is fully connected, increasing the connectivity ratio
from the center can improve ultimate bearing capacity more than that from the corners.

3.2. Structural Performance of S2 and S2R Models

S2 is fully connected to the beams, but the center of the infill plate is partially connected
to the columns in two segments. S2R is partially connected to the columns from the
center and two corners. The ultimate bearing capacity results of S2 and S2R are shown in
Table 4. The shear strength of S2 is higher than that of S2R with the same connectivity ratio.
The shear strength of the S2 and S2R model gradually increases with an increase in the
connectivity ratio. The shear strength of the S2 type with a connection ratio of 60% is close
to the strength of the fully connected model. While the S2R-type requires a connection
ratio of 80% for its shear strength to be approximately equal to the fully connected case.
From Figure 9c,d at the connection of 20%, S2 and S2R extend a local low-stress region
around the unconnected part and the area of the low-stress region of S2R is larger than that
of S2. When the connection rate reaches 80%, in Figure 9e,f the steel plates of S2 and S2R
are basically all in the plastic state.

Table 4. Results of shear strength for S2 and S2R models.

Model Connectivity Ratio γ (%)
S2 S2R

Value (kN) Decrease Ratio (%) Value (kN) Decrease Ratio (%)

P0 0 (Beamonly) 1776 −51.55 1776 −51.55
P20 20 2986 −18.54 2513 −31.45
P40 40 3356 −8.45 2985 −18.57
P60 60 3579 −2.37 3394 −7.41
P80 80 3652 −0.38 3626 −1.09
P100 100 (full) 3666 0 3666 0
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Figure 9. Load–displacement curves and stress distributions at 3% drift of S2 and S2R models: (a) S2;
(b) S2R; (c) S2-P20; (d) S2R-P20; (e) S2-P80; (f) S2R-P80.

3.3. Structural Performance of S3 and S3R Models

The plate of S3 is connected to beams and columns from the centers, while S3R is
connected from the corners. Table 5 displays the shear strengths of S3 and S3R. S3 and S3R
have comparable shear capacities. The shear strength of the S3-P80 is almost as high as
the full connection model, but the S3R-P80 has approximately 8% less strength. The stress
distribution of the two types is obviously not the same in Figure 10c,d. S3-P13 has a visible
tension field in the middle of the infill plate. The middle of the plate is yielded, whereas
the unattached edge of the four corners has a large area in low stress. There is a large area
of unyielding in the middle of the S3R-P13, where the yield area is applied only at the four
corners without a tension field. When the connection ratio reaches 80, the plates of S3 and
S3R almost yield, and both have an obvious tension field in Figure 10e,f.
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Table 5. Results of shear strength for S3 and S3R models.

Model Connection Ratio γ (%)
S3 S3R

Value (kN) Decrease Ratio (%) Value (kN) Decrease Ratio (%)

P0 Not connected 0 −100 0 −100
P13 13 936 −74.46 762 −79.21
P27 27 1506 −58.91 1304 −64.42
P40 40 2101 −42.68 1842 −49.75
P53 53 2671 −27.14 2388 −34.86
P67 67 3212 −12.38 2855 −22.12
P80 80 3581 −2.31 3366 −8.18
P93 93 3665 −0.02 3655 −0.30
P30 100 (full) 3666 0 3666 0

Figure 10. Load–displacement curves and stress distributions at 3% drift of S3 and S3R models:
(a) S3; (b) S3R; (c) S3-P13; (d) S3R-P13; (e) S3-P80; (f) S3R-P80.
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3.4. Structural Performance of S4 and S4R Models

S4 has a two-segment plate-to-frame connection, while S4R has a three-segment
connection. Table 6 presents the shear strength of S4 and S4R. In Figure 11c, the S4-P20 has
a large area yielding in the middle of the infill plate, whereas the corners are low stress or
unstressed. In Figure 11d, the tension field exists on two sides of the S4R-P20 diagonal, yet
the diagonal line does not yield. When the connectivity ratio of the S4-P80 and S4R-P80 is
80%, the shear strength is close to the full connection model. When the connection rate was
80% in Figure 11e,f, S4 and S4R almost fully yielded.

Table 6. Results of shear strength for S4 and S4R models.

Model Connectivity Ratio γ (%)
S4 S4R

Value (kN) Decrease Ratio (%) Value (kN) Decrease Ratio (%)

P0 Not connected 0 −100 0 −100
P20 20 1589 −56.65 1413 −61.45
P40 40 2463 −32.81 2238 −38.95
P60 60 3298 −10.03 3054 −16.69
P80 80 3638 −0.76 3587 −2.15
P100 100 (full) 3666 0 3666 0

Figure 11. Load–displacement curves and stress distributions at 3% drift of S4 and S4R models:
(a) S4; (b) S4R; (c) S4-P20; (d) S4R-P20; (e) S4-P80; (f) S4R-P80.
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4. Discussion of Shear Strength of PC-SPSW

4.1. Influence of Partial Connection on Shear Strength

The shear capacities of partial connection steel plate shear walls are compared in
Figure 12.

Figure 12. Relationship between shear strength and connectivity ratio.

Firstly, the effect of the connectivity ratio on the shear strength is examined. When
the connectivity ratio is less than 50%, the shear strength of the fully beam-connected and
partially column-connected types is greater than the four-edge partial connection because
being fully beam-connected provides anchorage for the development of the infill plate
tension field. Moreover, the low connectivity ratio prevents the infill plate from developing
a significant area of the tension field, limiting the behavior of the infill plate material.
The shear strength of the four-edge partial connection type increases with increasing the
connectivity ratio. When the connectivity ratio hits 50%, even the shear strength of S4
exceeds that of S1R. Next, when the connectivity ratio exceeds 80%, the shear strength of
both the two-edge partial connection and the four-edge partial connection is close to the
case of the full connection. This is due to the infill plate’s ability to produce a relatively
complete tension field and fully develop the material properties of the steel plate.

Secondly, the influence of the connection types on the shear strength is analyzed. The
fully beam-connected and partially column-connected types, such as S1 and S2, can still
have approximately 80% of the shear strength even at the connectivity ratio of 20%. When
the connectivity ratio is 60%, S1, S2, S2R, and S4 can retain more than 90% of the shear
strength. Especially, S4 is partially connected on four edges, which means that the S4
model can utilize most of the material properties of the infill plate at a lower connectivity
ratio. Therefore, the connection type of the S4 can significantly reduce the material and
construction time required for plate-to-frame connection, and the S4 model is easy to
construct and is a great connection type.

Next, the number of connected segments influences the shear strength. S1 and S3
are one-segment connections, while S2 and S4 are multi-segment connections. The shear
strength of the steel plate shear wall with a multi-segment connection is higher than that of
the one-segment connection for the same connectivity ratio. This is due to the fact that the
multi-segment connection extends the connection range, making the area of the tension
field more than that of the one-segment connection. Therefore, the distance of the segments
can be selected appropriately.

Finally, the different effects of the connections from centers or corners on the shear
strength are analyzed. For example, S1 and S3 are the connection from the centers, while
S1R and S3R are the connection from the corners. Under the same connectivity ratio, the

93



Metals 2022, 12, 1060

shear strength of the connection from corners is basically lower than that from the centers.
This is because the tension field is firstly generated along the diagonal when the infill plate
buckles. The type of connection from the centers shows an obvious tension field in the
diagonal direction, such as in Figure 10c. In the case of the connection from the corners,
the tension field generated along the diagonal cannot develop effectively because there
is no restraint in the middle of the infill plate. Therefore, most of the infill plate does not
enter the yielding stage, and the shear strength of the structure is small (in Figure 10d). In
summary, the influence of the central connection on the structural shear strength is higher
than that of the corner connection.

4.2. Shear Strength Equations of S1 and S1R

The shear strength of the infill plate with different connectivity ratios is fitted according
to the finite element model, as shown in Figure 13. The shear strength of the S1 model
increases rapidly with increasing connectivity ratio when the connectivity ratio is low. By
changing the width (b = 1500, 3000, 4500 mm) of the steel plate shear wall to change the
width-to-height (aspect) ratio of the infill plate, the prediction Equation (10) still agrees
well with the finite element results. The bearing capacity and the connectivity ratio of the
S1R model can be simplified to a linear relationship. The prediction Equation (11) under
different width-to-height ratios is also in good agreement with the finite element results.
Equations (10) and (11) can accurately predict the shear strength. The parameter h/(h + b)
in Equations (10) and (11) can reflect the changes in the width-to-height (aspect) ratio of the
infill plate. Furthermore, this parameter indicates the relationship between the length of
partially connected models to the total length.

Figure 13. Comparison results of prediction equation and FE method for: (a) S1, and (b) S1R models.

When the plate is fully connected to the beams, the shear strength of the infill plate
that is partially column-connected from the centers, such as S1, is shown in Equation (10).
Equation (11) shows the shear strength of the infill plate that is partially column-connected
from the corners, such as S1R.

FS1 = [1 − fS1(γ)]·Fplate =

[
1 − h

h + b
e3.5γ

]
·1
2

σybt sin(2θ) (10)

FS1R = [1 − fS1R(γ)]·Fplate =

[
1 − h

h + b
(1 − γ)

]
·1
2

σybt sin(2θ) (11)

4.3. Shear Strength Equations of S2 and S2R

Figure 14 represents the relationship between shear strength and connectivity ratio for
different width-to-height ratios of S2 and S2R. The predicted results from Equations (12)
and (13) match the finite element values. The parameter h/(h + b) reflects the changes in
width-to-height ratios with the length of partially connected models.
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Figure 14. Comparison results of prediction equation and FE method for (a) S2 and (b) S2R models.

S2 and S1 are similar in connection types, therefore, Equation (12) is similar to Equation
(10). However, the coefficients for the parameter of connectivity ratio are different. In the
S2 example, the coefficient of the connectivity ratio is 5 in Equation (12), which is larger
than the value of 3.5 in Equation (10). This coefficient reflects the influence of the number
of connection segments on the shear strength. S1 is one segment connected, and S2 is two
segments connected. The more segments, the greater the range of connection action.

FS2 = [1 − fS2(γ)]·Fplate =

[
1 − h

h + b
e5γ

]
·1
2

σybt sin(2θ) (12)

The equation for predicting the shear strength of the S2R type is shown as follows.
In Equation (13), there is a constant of 1.1, which indicates the enhancement factor of the
structure when the three segments of pate are connected from the centers and corners.

FS2R = [1 − fS2R(γ)]·Fplate =

[
1.1 − h

h + b
(1.1eγ)2

]
·1
2

σybt sin(2θ) (13)

4.4. Shear Strength Equations of S3 and S4

The relationship between the shear strength and connectivity ratio of S3 and S4 is
shown in Figure 15. Both S3 and S4 are the four-edged models partially connected to the
beams and columns. Assuming the same connectivity ratio of beams and columns, here we
only discuss the case of the width-to-height ratio of 1, that is, the parameter (h + b)/(h + b)
is 1. The prediction equations are consistent with the finite element results. The connection
type of S3 is similar to S1, but the difference is that they are two-edge or four-edge partial
connection models. Comparing Equations (14) and (10), the coefficient for the parameter of
connectivity ratio is reduced by half to be 1.75, and the enhancement factor is 1.2. Similar
conclusions can be drawn from Equations (15) and (12) for S4 and S2, where the coefficient
for the parameter of connectivity ratio is also reduced by half to be 2.5 and the enhancement
factor is 1.1.

FS3 = [1 − fS3(γ)]·Fplate =

[
1.2
(

1 − h + b
h + b

e1.75γ

)]
·1
2

σybt sin(2θ) (14)

FS4 = [1 − fS4(γ)]·Fplate =

[
1.1
(

1 − h + b
h + b

e2.5γ

)]
·1
2

σybt sin(2θ) (15)
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Figure 15. Comparison results of prediction equation and FE method for: (a) S3, and (b) S4 models.

5. Conclusions

1. This research proposes eight different types of plate-to-frame connections and investi-
gates the effect of the connectivity ratio on the shear strength of the steel plate shear
wall. When the infill plate is only connected to beams, the shear strength decreases
by nearly 50% compared to the full connection. However, when the central part of
the plate is connected to the column, such as S1 and S2, the load-bearing capacity of
the structure is significantly higher than that of the beam-only connection. When the
connectivity ratio of plate-to-columns hits 67%, the shear strength of the structure is
almost equivalent to the full connection.

2. Considering the connectivity ratio and width-to-height ratio, the formulae of shear
strength with different connection types are presented. The prediction formula corre-
lates with the finite element results well. The shear strength increases rapidly with an
increase in the connectivity ratio. When the connection ratio reaches 80%, the shear
strength of the structure reaches more than 95% of the full connection type.

3. Multi-segment connections obtain a higher shear strength than one-segment connec-
tions at the same connectivity ratio. Increasing the connectivity ratio of the plate from
the centers can improve the shear strength of the structure more than from the corners.
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Abstract: In a half-through steel arched bridge, the suspenders are the critical load transfer component
that transmits the deck system and traffic load to the arch rib. These suspenders are subjected to traffic
and environmental vibrations and are prone to fatigue failure, especially for overloaded moving
vehicles. This paper aims to study the impact of moving vehicles’ overloaded rate on the fatigue
performance of suspenders in a long-span three steel truss arch bridge. Based on the Mingzhu Bay
steel arch bridge, a 3D finite element bridge model was first established and seven types of moving
fatigue vehicle models were considered. Then the stress amplitude and dynamic response of the
suspenders on the middle steel truss arch were studied under a standard, 25%, and 50% overloaded
moving vehicles load. Following that, the Miner fatigue cumulative damage theory was employed to
evaluate the fatigue life of the suspenders. The results show that the short suspenders in the middle
steel truss arch have the shortest fatigue life but can still meet the design requirements under the
standard load. However, the fatigue life of the suspenders decreases by 20% and 30% when the
overloading rate reaches 25% and 50%. The fatigue life cannot meet the design requirement when the
overload rate is 50%.

Keywords: suspender; steel arch bridge; fatigue life; overloaded rate; finite element

1. Introduction

The half-through steel truss arch bridge has been widely used in modern bridges due
to its advantage of having excellent load capacity and a simple construction method [1]. The
suspenders of the steel truss arch bridge are the key load-bearing component that transmit
the deck system load, moving vehicle load, and wind load to the upper arch ribs. These sus-
penders are subjected to repeated cyclic stresses with a varying magnitude as a result of the
dynamic vehicle loading during their lifecycle [2]. The short suspender of the arch bridge
has a high amount of stiffness and is subject to high vibration frequency. The anchorage
end of the arch bridge is in a frequent state of bending and shear stress and is vulnerable to
rain and other corrosion effects [3]. For the dynamic load of the overloading vehicles in
particular, the dynamic amplification effect can accelerate the fatigue damage as a result of
the large stress ranges induced [4]. The accumulated fatigue damage can initialize the crack
and may cause the bridge’s failure. However, the fatigue design may underestimate the
effect of overloading vehicles on the fatigue life of steel bridges [5]. For the fatigue life anal-
ysis of metal structures, Carpinteri et al. [6] reformulated frequency-domain critical-plane
criteria to improve the accuracy of the fatigue life estimation of smooth metal structural
members under multiaxial random loads. Maercek et al. [7] provided methods for the
determination of energy-based characteristics of the fatigue life of materials and a new
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approach for the determination of strain energy density parameters. Pejkowski et al. [8]
studied small cracks on the surface of fatigue specimens under multiaxial loading and
found that there was a correlation between the observed damage mechanism and the
quality of fatigue life prediction.

Many efforts have been made to investigate the effect of dynamic vehicle loading
on the fatigue life of suspenders. Zhang et al. [9,10] established the finite element model
of suspenders, and the fatigue reliability of a long-span bridge was analyzed under the
combined dynamic load of vehicles and the wind load. The results showed that wind load
significantly increased the stress on the suspender, but had little impact on the fatigue
damage of the suspender. The dynamic effect of vehicles on long-span bridges is little and
the impact of vehicle speed and road roughness can be ignored. Yang et al. [11] analyzed
the impact of five-axis vehicles on simply supported and continuous beam bridges; the
parametric studies were conducted and an equation for continuous beams subjected to
moving vehicle loads was proposed. The results showed that the deflection, bending
moment, and shear force at the midpoint of simply supported beams are linearly propor-
tional to the velocity parameters. Based on the field monitoring data, Kwon et al. [12,13]
used the equivalent probability density function to evaluate the fatigue reliability of steel
bridges and proposed a method to predict the fatigue reliability evaluation of bridges in
terms of the probability of equivalent stress amplitude distribution. To improve fatigue life
estimation, the bilinear S–N method was integrated into a probabilistic model to analyze
the uncertainties related to the fatigue deterioration process, and a probabilistic method
based on bilinear stress life was proposed. Raju et al. [14] proposed a fatigue evaluation
and design method to assess the remaining life of existing bridges; the results showed that
the proposed method can evaluate the safety index more accurately. In addition, fatigue
design methods have been included in the AASHTO specification.

Due to the randomness and complexity of moving vehicle loads, many scholars have
established numerical vehicle models to simplify moving vehicle loads, and the fatigue
performance of bridges has been investigated. Mohammadi et al. [5,15] proposed a bridge
rated model considering the influence of overloading fatigue damage. The model was
applied to five bridges, and it was shown that the fatigue damage caused by overload-
ing is significant for old bridges, Furthermore, frequent overloading accelerates fatigue
damage and shortens the fatigue life of bridges. E. J. Obrient et al. [16,17] proposed a semi-
parametric fitting program that can simulate the traffic load effect. A micro-simulation
algorithm was proposed to predict more accurately the applied traffic load on the long-span
bridge when two vehicles were mixed between lanes in a traffic jam. Schilling et al. [18–21]
investigated the design value of the number of stress cycles caused by vehicles passing
through the span of various types of steel-frame highway bridges and a numerical method
was proposed. The results showed that vibration response and vehicle spacing have little
impact on the design value of cyclic stress under standard conditions. Wang et al. [22,23]
established a mathematical model for counting typical vehicles, compared the static effect
of heavy vehicles with that of standard designed vehicles, and studied the influence of the
road roughness correlation on dynamic influencing factors. The results showed that the
tandem axle load of heavy vehicles exceeded the limit in the guidelines. Zhao et al. [24]
conducted a statistical analysis of the maximum bending moment and shear force of simply
supported, 2-span, and 3-span continuous beam bridges; the top 5% of heavy vehicles
in each vehicle category were selected and the results showed that a 5-axle, short, single
vehicle produces greater shear forces in bridge girders than standard Permit truck models,
and the 5-axle vehicle was proposed for the standard Permit vehicle and bridge ratings.
Zhang et.al. [25,26] established the three-dimensional vehicle model and 3D dynamic bridge
model, and the effect of vehicle speed and road roughness conditions on existing bridges
was investigated. A fatigue reliability assessment framework for existing bridges in their
service life considering the random effects of vehicle speed and road roughness conditions
was proposed. This method can be used to modify the fatigue damage of multiple stress
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ranges with different amplitudes into one equivalent stress range cycle and shows more
accuracy in a lognormal distribution to describe the modified equivalent stress range.

However, many studies mainly focused on investigating how the load affects the
fatigue behavior of in-service bridges, and little attention has been paid to considering the
effect of overloaded moving vehicles on the fatigue life of steel arch bridges. This paper
aims to study the impact of moving vehicles’ overloaded rate on the fatigue performance
of suspenders in a long-span three steel truss arch bridge. Based on the Mingzhu Bay
steel arch bridge, a 3D finite element bridge model was established and seven types of
moving vehicle models were considered. The stress amplitude and dynamic response of the
middle steel truss arch suspenders were studied under standard, 25%, and 50% overloaded
moving vehicles. In addition, the Miner fatigue cumulative damage theory was employed
to evaluate the fatigue life of suspenders subjected to standard and overloaded moving
vehicles. The flow chart of this paper is shown in Figure 1.

Figure 1. Flow chart of analysis.

2. Project Summary

The main bridge of Mingzhu Bay is (96 + 164 + 436 + 164 + 96 + 60 m) a six-span
continuous three-steel truss arch bridge with a total length of 1016 m. Double orthotropic
steel decks are used. The upper deck is a two-way eight-lane highway and there are
sidewalks are on both sides. The total width of the deck is 43.2 m [24,27]. Both sides of the
lower deck are reserved for the walking lanes. Figure 2 shows the bridge elevation and the
schematic diagram of the side span and secondary side span of the main bridge.

Figure 2. Elevation of Guangzhou Mingzhu Bay bridge (Unit: m).

3. Finite Element Analysis

3.1. FE Model of the Bridge

The 3D finite element bridge model was established by Midas/Civil [28], as shown in
Figure 3. The whole model has 6676 nodes and 10,768 elements in total, which consist of
81 truss elements, 8067 beam elements, and 2620 shell elements.
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Figure 3. FE model of Guangzhou Mingzhu Bay bridge.

3.2. Suspenders’ Parameters

Truss elements were used to simulate the suspender of the steel truss arch bridge.
Since the steel truss arch bridge is symmetrical, the half-span suspender was selected for
analysis. For the transverse direction of the bridge, the short suspenders of the middle truss
arch and the side truss arch were selected for the comparative analysis of fatigue life, as
shown in Figure 4a, while the numbers of the suspenders are shown in Figure 4b. Figure 5
illustrates the geometry of the suspender.

(a) (b)

141312111098765421 3

Figure 4. The steel truss arch and suspender number. (a) Steel truss arch; (b) the suspender numbers.

(a) (b)

Wrap thin wire or fiber
reinforced polyester tape

High-strength steel wire
Polyethene protec

Figure 5. The geometry of the suspender. (a) The schematic of suspenders; (b) cross-section.

3.3. Chemical Composition and Mechanical Properties of Suspender Cable

The chemical composition and mechanical properties of suspenders are listed in
Tables 1 and 2.

Table 1. Chemical composition of suspenders [29].

Chemical Composition C Si Mn Cr S Cu

Mass fraction (%) 0.85~0.90 0.12~0.32 0.60~0.90 0.10~0.25 ≤0.025 ≤0.10
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Table 2. The mechanical properties of suspenders [30].

Nominal Diameter (mm) Tensile Strength (MPa) Elongation Modulus of Elasticity (MPa)

7.0 ± 0.07 1670 ≥4.0 (2.0 ± 0.1) × 105

4. Movie Vehicle Load and Fatigue Life Assessment Method

4.1. Moving Vehicle Load

The dynamic load of the vehicle is regarded as a spring-mass system with a uniform
speed, while the design speed of the bridge is 80 km/h as simulated in the FE model. The
vehicle load is considered as the harmonic force of uniform motion on the bridge deck.
The vehicle is simplified to a uniformly moving biaxial mass. Based on the traffic volume
statistics of Guangzhou Mingzhu Bay Bridge [31], the daily traffic flow can be predicted.
According to the axle number and axle load, vehicles are divided into M1, M2, M3, M4, M5,
M6, and M7 fatigue vehicle models. The vehicle load statistics and traffic flow statistics are
shown in Table 3.

Table 3. Fatigue traffic model and traffic flow statistics.

Vehicle
Model Type

Vehicle Model (Axle Weight, kN, Axle Spacing, mm) Total Weight (kN) Daily Traffic Flow
The Proportion
of Total Traffic

M1 135 1543 14.78

M2 222 223 2.14

M3 286 73 0.70

M4 319 460 4.14

M5 389 13 0.13

M6 387 135 1.29

M7 468 1453 13.92

4.2. Fatigue Life Assessment Method

Miner’s linear cumulative fatigue damage theory [32] was adopted to evaluate the
fatigue life of the suspenders. The fatigue damage of the suspender could be obtained from
the S-N curve [33]. The fatigue life equation is listed in Equation (1):

lgN = 15.1 + 13.5 ·
(

1
σa

− σm

σa − σb

)
(1)

103



Metals 2022, 12, 1035

where N is the number of cycles, σa, σb are the tensile strength of the suspenders and the
mean stress of the suspenders, respectively, and σm is the mean stress value of σa and σb.

5. Results and Discussion

In order to investigate the stress state of the suspenders under a moving vehicle
load, the unit moving vehicle load was applied to the bridge deck in the FE model. The
vehicle started at 10 s and passed through the long-span arch bridge deck at 30 s. The
stress amplitude of each suspender in the middle steel truss arch was studied, as shown in
Figure 6.

Figure 6. The suspender stress amplitude in middle steel truss arch.

It can be seen from Figure 6 that for the half arch suspenders from No. 1 to No. 14, the
tensile stress amplitude decreased gradually when the vehicle passed on the bridge. The
No. 1 suspender at the arch foot position achieved the largest stress amplitude.

5.1. Impact of Steel Truss Arch on the Short Suspender

There are three steel truss arches in the Mingzhu Bay bridge. The stress state of the
short suspender in the middle and the side steel truss arch was investigated in the FE
model. A number of stress cycles occur in the bridge members as the vehicle moves on the
bridge. The dynamic responses of seven types of moving vehicles were considered and the
stress amplitude of the suspender was obtained from the FE model. In addition, when the
vehicle passes through the main span at a speed of 80 km/h, the time starts from 10 s and
ends at 30 s. The stress of the suspender is shown in Figure 7 as the M1–M7 vehicle models
passed the main span.

The Miner’s cumulative fatigue damage theory indicates that all stress cycle ampli-
tudes and their corresponding times of action need to be obtained for the fatigue assessment
of the suspender. Therefore, it is necessary to process the fatigue stress spectrum of the
suspender, extract all the cyclic amplitudes, and count the numbers of each cycle. This
paper takes the short suspender of the steel truss arch bridge as the research object to
evaluate the fatigue performance and predict the fatigue life. In terms of the rain-flow
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counting method [34,35], the stress amplitude of the short suspender of the middle truss
and the side truss was counted for each cycle and accumulated by MATLAB [36] to generate
the stress spectrum, as shown in Figure 8.

(a) (b)

Figure 7. Dynamic response of the short suspenders under single vehicle load. (a) The middle steel
truss arch; (b) the side steel truss arch.
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Figure 8. Dynamic response of the short suspenders under traffic load. (a) The middle steel truss
arch; (b) the side steel truss arch; M1–M7 are vehicle model types.

For the middle steel truss arch, the stress on the suspender is about 50% higher than
the suspender in the side steel truss arch with the same vehicle loading. Under the moving
vehicle of M7, the maximum stress on the middle and the side suspender is 46.7 MPa and
23.6 MPa, respectively. Moreover, the stress amplitude and the number of cycles were
extracted and the data are shown in Table 4.

The fatigue damage of the suspender can be obtained from the S-N curve Equation (1)
to evaluate the fatigue life of the suspender. From the stress spectrum in Figure 8, the
average stress of the short suspender of the middle truss is 274.16 MPa, the ultimate tensile
stress of the suspender steel wire is 1670 MPa [37], and the S-N curve Equation (1) can be
simplified into:

lgN = 14.82 − 3.5lgσa (2)
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Table 4. Stress amplitude statistics of the short suspender per day.

Stress Amplitude σa (MPa) Number of Cycles (Times) Stress Amplitude σa (MPa) Number of Cycles (Times)

0~1 3900 25~30 0
1~5 1839 30~35 0
5~10 2061 35~40 0
10~15 0 40~45 0
15~20 0 45~50 0
20~25 0 >50 3900

The fatigue damage degree d under a single stress cycle can be deduced as

d =
1
N

=
σ3.5

a

14.8210 (3)

With Miner’s linear cumulative fatigue damage theory, the total fatigue damage degree
D can be summed by the damage degree d

D =∑ d =∑
1
N

= ∑
σ3.5

a

14.8210 (4)

σae =

(
∑x

i=1 σ
m
ai

x

) 1
m

=

(
∑ σ3.5

a
n

) 1
3.5

(5)

where n is the total number of cyclic stresses; σae is the equivalent stress amplitude of the
suspender. Based on the data in Table 4 and Figure 8 the fatigue life of the short suspender
can be calculated. Moreover, the fatigue life of the short suspender is 140 years, which
meets the design life of 100 years.

5.2. Impact of Overloaded Rate

From the stress analysis of the suspenders from the middle truss and the side truss, it
was found that the stress on the suspender in the middle truss arch was always larger than
the suspenders in the side truss arch. Hence, the fatigue life assessment was conducted on
the middle truss arch suspenders. The overload moving vehicles rate was investigated by a
standard, 25%, and 50% overload with seven fatigue vehicle types; the overweight data
and traffic flow are shown in Table 5.

Table 5. Overloaded vehicle data.

Vehicle Model
Standard Overweight Rate

Traffic Flow Per Day
Weight (kN) 25% (kN) 50% (kN)

M1 135 168.75 202.5 1543
M2 222 277.5 333 223
M3 286 357.5 429 73
M4 319 398.5 478.5 460
M5 389 486.25 583.5 13
M6 387 483.75 580.5 135
M7 486 585 729 1453

The fatigue life of the suspenders on the half-span arch were evaluated under moving
vehicle standard, 25%, and 50% overloaded rates (Figure 9).

It can be seen from Figure 9 the fatigue life of the suspender can meet the design life
of 100 years under the standard fatigue load. With the overload rate up to 50%, the fatigue
life of the suspender is lower than the design service life. For the short suspender along the
bridge direction, the suspender decreases significantly, and its amplitude is about 50 years,
which cannot meet the requirement of the design. The fatigue life of the suspender shows a
non-linear decreasing trend with the increasing overloading ratio. Furthermore, the fatigue

106



Metals 2022, 12, 1035

life of the suspender decreases by about 30%, which shows that the overload condition has
a significant impact on the fatigue life of the suspender in the steel truss arch bridge.
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Figure 9. Fatigue life comparison of the suspenders in middle truss.

6. Conclusions

Based on the Guangzhou Mingzhu Bay bridge, the whole bridge model was estab-
lished by the finite element software Midas Civil. The fatigue life of the suspender was
evaluated under a standard fatigue load, and 25% and 50% overloading; the conclusions
were drawn as follows:

1. The short suspenders near the arch foot show a larger stress amplitude than others, while
the stress on the suspenders in the middle steel truss arch is greater than the suspenders
in the side truss arch. However, the fatigue life of the short suspender under a standard
traffic load is 140 years, which meets the design requirement of 100 years.

2. The fatigue life of the suspenders decreases by 20% and 30% under the overloaded
rate of 25% and 50%, respectively. With a vehicle design speed of 80 km/h, the fatigue
life of the short suspender on the mid-truss arch is about 50 years under the 50%
overloaded rate, which is significantly lower than the bridge design life of 100 years.

3. The fatigue life shows a non-linear decreasing trend with the increasing overloading
ratio. Overloading has a significant effect on the suspender life of steel truss arch
bridges. Herein, the overloaded vehicles should be strictly controlled to ensure the
safety of the bridge during its service.

The conclusions are based on the FE model analysis and Miner’s cumulative fatigue
damage theory. If we suppose that, at the specified stress level, the accumulation of fatigue
damage is independent of the previous loading history of the material, then the damage
from a single loading cycle should be the same, which means the fatigue life is not affected
by the loading sequence regardless of whether the stress amplitude is from high to low or
from low to high. However, the actual situation is that the loading sequence has a certain
impact on the fatigue life of the components. Because the fatigue failure mechanism is
under the same stress level, the damage degree with the microcrack formation and main
crack growth is different. Therefore, the theoretical analysis results are usually not all the
same as the test data in the construction.
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Nomenclature

N number of fatigue cycles,
σm mean stress value of σa and σb,
σa, σb tensile strength of the suspenders and the mean stress of the suspenders,
d, D fatigue damage per single cycle and fatigue damage per day,
m coefficient of the fatigue damage,
x number of cycles to reach a stress level,
n number of vehicle cycles,
σae the equivalent stress amplitude of the suspender.
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Abstract: In this paper, the eccentric compression test of seven specimens was conducted to explore
the application possibility of recycled aggregate concrete (RAC) in L-shaped columns composed of
concrete-filled steel tubes (CFST). The main parameter is the replacement ratio of recycled coarse
aggregates (RCA), and an L-shaped column of composed hollow steel tubes was set as a control.
The test results indicated that the bearing capacity and stiffness of the L-shaped column composed
of RAC-filled steel tubes (RACFSTs) are better than those of the L-shaped column composed of
hollow steel tubes. The compressive strength of concrete is reduced by 73.1% as the replacement
ratio of RCA increases from 0 to 100%, while that of the column is merely reduced by 23.9%. The
strength disadvantage of RAC is compensated by the confinement of steel tubes. Besides, the result
of the eccentric compression test (80 mm eccentricity) was compared with the axial compression test
(0 mm eccentricity). The increase in eccentricity reduced the bearing capacity and ductility due to
additional bending moments. The finite element model (FEM) was established by software ANSYS
to compare with the experimental results. The bearing capacity deviation of FEM is 4.23~6.56%. The
parametric analysis was carried out to summarize the influence of parameters such as eccentricity,
material strength, and steel tube thickness. With the increase of eccentricity, the bearing capacity of
the RACFST decreases gradually. In engineering design, the bearing capacity of the RACFST can be
improved by increasing the strength and thickness of the steel.

Keywords: L-shaped column; recycled aggregate concrete; concrete-filled steel tube; eccentric
compression; finite element model

1. Introduction

With the development of urbanization, the construction space has put forward higher
requirements for the traditional structure. In the traditional structure, the external corner of
the frame column not only reduces the construction space but is also difficult to handle in
terms of architectural aesthetics, see Figure 1a. The special-shaped columns are proposed to
solve the above problems, which can completely hide the structural column in the infill wall.
The special-shaped column avoids the negative impact of the external corner on the building
function, as shown in Figure 1b. Due to the architectural advantages of special-shaped
columns, researchers have investigated the mechanical properties of various special-shaped
columns. Li et al. [1] carried out an axial compression test on the steel-reinforced concrete
short column with a T-section, and the effect of shaped steel ratio and shear-span ratio on
bearing capacity was explored. Tokgoz et al. [2] presented the eccentric compression test
of L-shaped high strength reinforced concrete and concrete-encased composite columns,
which indicated that the addition of steel fibers to high-strength concrete improved the
mechanical properties of the columns under eccentric loading. Xue et al. [3–5] conducted
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seismic damage tests on steel-reinforced concrete irregular section columns. The effects
of different loading schemes, axial compression ratios, and steel distribution ratios on the
seismic performance of specimens were revealed.

  
(a) (b) 

Figure 1. The comparison of the traditional column and the special-shaped column. (a) Traditional
column. (b) Special-shaped column.

However, the steel-reinforced concrete columns require complex formwork in con-
struction. The construction of concrete-filled steel tube (CFST) columns can avoid the use of
complex formwork. The different types of special-shaped steel tubes are more convenient
to prefabricate in the factory. Han [6–8], Tu [9,10], and Zhou [11,12] carried out mechanical
tests of special-shaped CFST columns, respectively. The influence of different parameters
on special-shaped CFST columns was explored in the tests. The appropriate design formula
was also proposed. Li et al. [13] conducted a quasi-static test on the joint of T-shaped CFST
columns and H-shaped steel beams to study the effects of the beam-column connection
form and the axial compression ratio on its seismic performance. To further facilitate the
prefabrication and construction of special-shaped mono CFST columns, special-shaped
columns with small cross-sections were proposed by Chen et al. [14,15], as presented in
Figure 2. The cross-section form of the column can be divided into L-shaped, T-shaped, and
cross-shaped according to the structural requirements, corresponding to corner columns,
side columns, and middle columns, respectively. This special-shaped column is formed by
welding the mono CFST columns through the connection plates, which can ensure the col-
laborative work of the CFST columns. Rong et al. [15–18] conducted the axial compression
tests of the special-shaped columns composed of the square CFST with different slenderness
ratios. The test results summarized the strength failure and instability failure modes. The
L-shaped column composited of the mono column connected with the perforated steel plate
was proposed by Zhou et al. [19–22]. The axial compression test indicated that the L-shaped
column connected by the perforated steel plate can still ensure cooperative deformation of
the mono column, but the bearing capacity is reduced. By evaluating mechanical properties
and processing complexity, the special-shaped columns connected with non-perforated
steel plates are more suitable for the application. The previous research has demonstrated
that the special-shaped column has high overall stiffness and strong energy dissipation
capacity, which is very suitable for prefabricated high-rise buildings.
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Figure 2. Special-shaped columns composed of mono columns.

Due to the continuous deterioration of the current global natural environment, the
use of recyclable green building materials is an inevitable choice for the construction
industry [23]. Recycled aggregate concrete (RAC) made from solid waste can not only
reduce the mining of natural aggregates but also absorb construction waste. In China,
construction waste accounts for 40% of the waste produced annually [24]. RAC has a
great development space and application value. However, the lower strength and poorer
elastic modulus of the RAC impeded the engineering application compared with ordinary
concrete [25–27]. The reasons for the strength reduction of recycled concrete are: recycled
aggregate has poor properties, the effect of the production process, the effect of the strength
of parent concrete, and the effect of the repeated use of recycled aggregate [28]. To improve
the mechanical properties of RAC, many scholars have studied the mechanical properties of
RAC-filled steel tube (RACFST) columns by utilizing the confining effect of steel tubes [29].
In compression, the RAC undergoes lateral deformation due to Poisson’s ratio effect. The
steel tube produces passive confinement on the RAC, which can improve the compressive
strength of the RAC. Meanwhile, the buckling of the steel tube is inhibited by the inner RAC.
This is similar to ordinary CFST. In the application of recycled concrete-filled steel tubes,
the initial defects caused by the strength, compactness, and pouring defects of recycled
concrete should be reduced as much as possible. Wu et al. [30] conducted the quasi-static
test of 15 thin-walled RACFST columns produced by large waste concrete blocks as recycled
coarse aggregate (RCA). The test results presented that the bearing capacity of RACFST
varies less when the replacement ratio of RCA varies between 0–40%. The bond behavior of
CFST and RACFST were summarized by Lyu [31] based on the push-out test of 56 RACFST
columns. The calculation formula was proposed for the bond strength between the concrete
and steel tubes. Wang et al. [32] displayed that the reduction in compressive strength of
RACFST is less than 10% compared to CFST for the same concrete mix ratio. The research
on the mechanical properties of RACFST indicated that the confinement of steel tubes
could compensate for the shortcomings of RAC. Therefore, it is feasible to apply RAC to
the special-shaped column composed of mono CFST columns.

At present, the research on the innovative special-shaped columns composed of
RACFST is still in shortage. To study the mechanical properties of shaped columns under
the combined action of axial pressure and bending moments. In this paper, the eccentric
compression test of the special-shaped columns composed of RACFST was conducted. Six
specimens were designed with the different RCA replacement ratios of RAC as the parame-
ter. A special-shaped column composed of hollow steel tubes was designed as a control
specimen. The effects of the RCA replacement ratios of RAC on the mechanical properties
of specimens were evaluated by comparing the failure modes and load-displacement curves
of the tests. The strain analysis was applied to investigate the correspondence between the
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overall deformation and the local strain of the columns. The finite element model (FEM)
was compared with the experimental results. Parametric analysis was carried out based on
the validated FEM. The effect of eccentricity, material strength, and steel tube wall thickness
on the bearing capacity of the specimens was investigated.

2. Experimental Program

2.1. Specimens Design

The L-shaped columns composed of CFST were created in Cangzhou, China [33].
The dimensions of the specimens in this paper are 1/2 scale L-shaped columns used in
actual engineering. The mono column is an RAC-filled steel tube. The height of the mono
column was 1500 mm. The wall thickness of the steel tubes was 3.75 mm. The L-shaped
column was composed of three mono columns connected together by two connection
plates. To enhance the stiffness of the connection plate, stiffener ribs with an interval
of 200 mm were welded on the connection plate. The dimensions of the stiffeners were
100 mm × 20 mm × 5.75 mm. The 20 mm thick cover plate was welded on both ends of
the L-shaped column to prevent local damage at the column end during compression.
The details are presented in Figure 3. The concrete used in the steel tube was RAC. Six
specimens were fabricated with different RCA replacement ratios of RAC, 0%, 20%, 40%,
60%, 80%, and 100%. An L-shaped column composed of hollow steel tubes was set as the
control specimens. All the parameters are shown in Table 1.

 
 

(a)  (b)  

Figure 3. Dimensions of the L-shaped column (in mm). (a) General dimension. (b) Cross-section A-A.

Table 1. The detailed parameters of specimens.

Specimens
Steel Tube

H × l × l × t (mm)
Connection Plate
H × l × t (mm)

f c,cube

(MPa)
Replacement
Ratio of RAC

Eccentric
Distance (mm)

P80-0 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 33.36 0% 80
P80-20 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 29.00 20% 80
P80-40 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 17.59 40% 80
P80-60 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 13.30 60% 80
P80-80 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 11.94 80% 80

P80-100 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 8.99 100% 80
P80-K 1500 × 100 × 100 × 3.75 1500 × 100 × 3.75 - No RAC 80

Note: H is the height of the component, l is the side length of the section, t is the thickness of the steel plate, f c,cube

is the cubic compressive strength of RAC.

2.2. Material Properties
2.2.1. Recycle Aggregate Concrete

The mix ratio of the ordinary concrete used in this paper was C30 grade according to
specification JGJ55 [34]. The concrete was fine aggregate concrete. Medium sand with a par-
ticle size of 0.3 mm~0.5 mm was used. The fineness module was 2.6 mm. The particle size
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of natural aggregate and recycled coarse aggregate was 5 mm~15 mm. The crushing index
was 10%. The water absorption was 2.3%. Recycled aggregate concrete was prepared by
replacing natural aggregates with different proportions of recycled coarse aggregates. The
specific mix ratio is presented in Table 2. Three cubic blocks (100 mm × 100 mm × 100 mm)
and three prism blocks (150 mm × 150 mm × 300 mm) for each RCA replacement ratio of
RAC were tested to reduce the test error according to specification GB/T50081 [35]. The
compressive strength and elastic modulus of RAC were obtained in Table 3. The standard
compression test is presented in Figure 4.

Table 2. The detailed mix proportion of RAC (kg/m3).

Replacement Ratio 0% 20% 40% 60% 80% 100%

Water 44.74 40.21 35.80 31.34 26.87 22.40
Cement 138.25 138.25 138.25 138.25 138.25 138.25

Sand 149.40 149.40 149.40 149.40 149.40 149.40
Coarse aggregate 267.60 214.08 160.56 107.04 53.52 0

RCA 0 58.00 115.98 173.96 231.95 289.94

Table 3. The material properties of RAC.

Replacement Ratio f c,cube (Mpa) f c,prism (Mpa) Ec (Mpa) Curing Age (Day)

0% 33.36 26.7 32,964 55
20% 29.00 25.8 23,064 55
40% 17.59 14.0 13,722 28
60% 13.30 12.2 14,369 28
80% 11.94 10.0 10,345 28

100% 8.99 8.4 9912 28
Note: f c,cube is the cubic compressive strength of RAC; f c,prism is the Prismatic compressive strength of RAC;
Ec is the elasticity modulus of RAC. The concrete test block test was carried out on the same day as the
specimen loading.

  
(a)  (b)  

Figure 4. The compression test of the concrete. (a) Cube compression test. (b) Prism compression test.

2.2.2. Steel

According to specification GB/T228 [36], tensile tests were conducted for steel coupons
taken from steel tubes, connection plates, and stiffener ribs. The dimension of the steel
coupon and the test machine are illustrated in Figure 5. All the steel used in the specimens
was Q235 grade. The mechanical properties of the steel, such as yield strength, ultimate
strength, and elastic modulus, are shown in Table 4.
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(a)  (b)  

Figure 5. Material test of steel. (a) Dimension (in mm). (b) Test machine.

Table 4. The properties of the steel coupons.

Material Steel Grade t (mm) f y (MPa) f u (MPa) Es (MPa)

Steel tube Q235 3.75 269 445 208,305
Connection plate Q235 3.75 258 402 186,208

Stiffener Q235 5.75 372 467 187,355
Note: t is the thickness of the steel; f y is the yield strength of the steel; f u is the ultimate strength of the steel; Es is
the elastic modulus of the steel.

2.3. Loading Device and Scheme

The loading device was a 500 T electro-hydraulic servo pressure test machine (Jilin
guanteng Automation Technology Co., Ltd, Jilin, China). Both ends of the L-shaped column
were hinged. The spherical hinge device was used to release the restraint, as presented in
Figure 6.

  
(a)  (b)  

Figure 6. Loading device. (a) 3D model. (b) On-site photo.

To identify the loading point of the specimen, it was necessary to obtain the cross-
sectional centroid of the L-shaped column. In this paper, the geometric cross-section method
was used to calculate the centroid of L-shaped columns based on the T/CECS825 [37]. As
shown in Figure 7a, the corner point of column B is the coordinate origin O. The direction
along the edge of the column limb is defined as two perpendicular coordinate axes in the
plane. The coordinates of the cross-sectional centroid can be obtained by calculating the
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static distances Sx and Sy of the cross-section to the x-axes and y-axes. The formula for
calculating the coordinates of the centroid is presented in (1)–(2). To apply the bidirectional
bending moment in the X-axis and Y-axis directions, the loading point of the specimen is
80 mm away from the centroid along the X’ axis, see Figure 7b.

xc =
Sy

A
=

∫
A xdA

A
(1)

yc =
Sx

A
=

∫
A ydA

A
(2)

where xc, yc is the coordinates of the centroid from the y-axis and x-axis, respectively. Sx, Sy
is the static distance of the cross-section to the x-axis and y-axis, respectively. A is the cross-
sectional area enclosed by the geometric outer contour of the steel tubes and connection
plates. dA is the micro area taken at the coordinates (x, y) within the cross-section.

  
(a)  (b) 

Figure 7. Position of the centroid and loading point. (a) Calculation of the centroid. (b) Loading
point (in mm).

The loading scheme contains pre-loading and formal loading. During pre-loading, the
load was applied at a rate of 20 kN/min to 10% of the yield load estimated by the numerical
model. The operating status of the measurement equipment needs to be checked. Besides,
the main purpose of pre-loading is to confirm that the spherical hinge coincides with the
loading point of the specimen. The formal loading contains three stages. During the elastic
stage, the load is gradually applied at intervals of 200 kN. During the yield stage, the load
is applied at intervals of 100 kN. During the failure stage, the force control is replaced using
displacement control with a loading rate of 0.3 mm/min. The test stopped when the load
dropped to 85% of the peak load.

2.4. Measurement Arrangement

The linear variable displacement transducers (LVDTs) (Tjweekend, Tianjin, China)
were used to monitor the displacement variation of the specimens, as shown in Figure 8.
Twelve lateral LVDTs (H1–H12) were used to monitor the bending deformation of the
specimen at both ends and in the middle of the column. Four vertical LVDTs (V1–V4) were
arranged to monitor the compressive deformation of the specimen. To monitor the yielding
and micro-deformation of the steel tubes, lateral and vertical strain gauges were arranged
at the measurement points of the three mono columns and the connecting plates. The
measurement points are divided into three zones along with the height of the column, see
Figure 8b. Figure 8c provided details of the measurement points of the strain gauges and
the orientation numbers of the columns.
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(a)  (b)  

 
(c)  

Figure 8. The layout of the measurement. (a) LVDT. (b) Strain gauges. (c) B-B cross-section.

3. Experimental Phenomenon

The coordinates and orientation numbers of the column cross-section are marked in
Figures 7b and 8c to facilitate the presentation of the experimental phenomenon. According
to the deformation process of the L-shaped column under eccentric compression, the failure
mode can be divided into three stages: elastic stage, elastoplastic stage, and failure stage.
There was no significant experimental phenomenon of the specimens in the elastic stage
due to the micro elastic deformation of steel and RAC.

The specimen entered the elastoplastic stage as the load increased. The mono columns
of specimens P80-0~P80-100 were slightly bent around the Y’ axis due to the bending
moment. The specimen deformed slowly as the load gradually increased to the peak load.
The local buckling of column A and column C began to occur at the middle or upper end
of the L-shaped column, as presented in Figure 9a,b. There was basically no local buckling
of the steel tube in column B. This is because the section of column B was subjected to the
tensile force under the eccentric load. Besides, the connection plates on both sides formed
the confinement on column B. For specimen P80-K, the hollow steel tube began to exhibit
inward buckling due to the absence of RAC inside, as shown in Figure 9c.
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(a)  (b)  (c)  

Figure 9. Typical phenomenon in elastoplastic stage. (a) Middle of the column. (b) Upper end of the
column. (c) Inward buckling of steel tube.

In the failure stage, the specimen bent and deformed rapidly in a short time due to the
eccentric load. Two compression failure modes appeared in the specimens P80-0~P80-100.
In one of the failure modes, the failure section appeared in the middle of the column,
including specimens P80-0, P80-20, and P80-100. The column section was bent around
the Y’ axis. Columns A and C presented multiple local bucklings in the middle of the
column, as shown in Figure 10a,e,f. There was no obvious buckling deformation on the
connection plate, indicating that the mono columns could be cooperatively deformed. In
another failure mode, the failure section occurred at the upper end of the column. The
obvious local buckling of columns A and C was concentrated at the upper end, as shown
in Figure 10b–d. For specimen P80-K, the inward buckling occurred at the upper end of
columns A and C. According to the comparison of the failure mode, the deflection of the
specimen with the failure section at the column end was less than that of the specimen with
the failure section in the middle of the column. Besides, the comparison of the failure mode
between the L-shaped columns filled with RAC and without RAC indicated that the core
concrete could effectively inhibit the inward buckling of steel tubes.

 
(a)  (b)  

  
(c)  (d)  

Figure 10. Cont.
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(e)  (f)  

 
(g)  

Figure 10. Failure phenomenon of the specimens. (a) P80-0. (b) P80-20. (c) P80-40. (d) P80-60.
(e) P80-80. (f) P80-100. (g) P80-K.

All the L-shaped columns filled with RAC exhibited integral flexural deformation.
The failure mode of the specimens presented the compression-bending damage of columns
A and C. The effect of different replacement ratios on the failure mode was not significant.
The L-shaped column without RAC was subject to premature loss of load capacity due to
inward buckling of the steel tubes.

4. Test Results and Analysis

To facilitate the comparison of the mechanical properties of the specimens at different
stages, the loading-displacement curves were divided into the elastic stage, elastoplastic
stage, and failure stage. The critical point between the elastic stage and the elastoplastic
stage is the yield point, which can be obtained by the “farthest point method” [38]. The
critical point between the elastoplastic stage and the failure stage is the peak point, which
corresponded to the peak load. The point corresponding to 85% of the peak load in the
failure is the ultimate point. Besides, the ductility index (DI) was defined as Equation (3)
to characterize the ductility of the L-shaped column. The secant stiffness (Sy) of the yield
point was utilized to characterize the stiffness of the L-shaped column, which was defined
as in Equation (4).

DI =
Δu

Δy
(3)

Sy =
Ny

Δy
(4)
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where Δu is the ultimate displacement, Δy is the yield displacement, Ny is the yield load of
the specimen.

The data of the yield point, peak point, and ultimate point are shown in Table 5. All
the loading-displacement curves of specimens are presented in Figure 11. The comparison
of the loading-displacement curves indicated that specimen P80-0 had the highest stiffness,
and the stiffness of the L-shaped columns decreased significantly as the replacement ratio
of RAC increased. Compared to the yield point, secant stiffness Sy of specimen P80-0, the
specimens P80-20, P80-40, P80-60, P80-80, P80-100, and P80-K decreased by 18.4%, 43.4%,
51.2%, 57.1%, 68.5%, and 72.7%, respectively. The above data indicated that the stiffness
of the specimens decreased linearly with the RCA replacement ratio of the in-filled RAC
increased from 0 to 40%. The stiffness of the specimens decreased slowly as the replacement
ratio of RCA increased from 40% to 100%. By comparing P80-K with other specimens, the
filling of RAC in the steel tube effectively improved the stiffness of the L-shaped column.

Table 5. The characteristic points of the specimens.

Specimens
Yield Point Peak Point Ultimate Point

DI
Sy

(kN/mm)Δy (mm) Ny (kN) Δp (mm) Np (kN) Δu (mm) Nu (kN)

P80-0 1.46 1450 5.75 1904 16.68 1618 11.42 993
P80-20 1.54 1248 6.28 1820 13.42 1547 8.71 810
P80-40 1.93 1085 6.80 1652 10.98 1404 5.69 562
P80-60 2.14 1038 7.16 1580 11.54 1343 5.39 485
P80-80 2.31 985 7.59 1510 12.22 1284 5.29 426
P80-100 2.90 909 8.36 1449 13.45 1232 4.64 313
P80-K 2.63 713 7.92 1222 13.14 1039 5.01 271

Note: Δy is the yield displacement, Ny is the yield load, Δp is the peak displacement, Np is the peak load, Δu
is the ultimate displacement, Nu is the ultimate load, DI is the ductility index, Sy is the secant stiffness of the
yield point.

 
Figure 11. Axial load-displacement curve.

Besides, the variation of bearing capacity with the replacement ratio is displayed
in Figure 12. The bearing capacity gradually decreased with the increase of the RCA
replacement. When the RCA replacement ratio increased from 0% to 40%, the yield load
and peak load decreased by 25.2% and 13.2%, respectively. When the RCA replacement
ratio increased from 40% to 100%, the yield load and peak load decreased by 16.2% and
12.3%, respectively. This indicated that the bearing capacity decreased more rapidly when
the RCA replacement ratio was below 40%. When the RCA replacement ratio exceeded 40%,
the bearing capacity decreased at a slower rate. Besides, the yield load and peak load of
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specimen P80-K were 21.6–50.8% and 15.7–35.8% lower than other specimens, respectively.
This indicated that the filling of concrete can increase the bearing capacity by preventing
the steel tube from buckling inward and contributing to the vertical compressive strength.

 
Figure 12. Bearing capacity and ductility.

From the variation curve of DI in Figure 12, the ductility of the L-shaped column
decreased significantly with the increase of the RCA replacement ratio. When the RCA
replacement ratio increased from 0% to 40%, the DI decreased by 50.2%. When the RCA
replacement ratio increased from 40% to 100%, the DI decreased by 18.5%. The above data
indicated that the ductility of the specimens decreased significantly when ordinary concrete
was replaced by RAC. This phenomenon was especially obvious when the replacement ratio
of RCA was less than 40%. When the replacement ratio of RCA exceeded 40%, the effect
of the elevated replacement ratio on the ductility of the specimens decreased significantly.
Besides, The DI of specimen P80-K was close to that of specimen P80-80, which indicated
that the ductility of specimens with a higher RAC replacement ratio was closer to that of
the L-shaped column composed of hollow steel tubes. Therefore, RAC with less than 40%
RCA replacement ratio is recommended to be applied in L-shaped columns.

5. Finite Element Analysis

5.1. Finite Element Models

In this paper, the finite element analysis software ANSYS was used to simulate the
test process. The peak load and failure mode of the RACFST obtained by finite element
simulation were compared with the test results to verify the effectiveness of the numerical
simulation method. The steel, connecting plate, and stiffener were modeled by SHELL181
elements, and the RAC was simulated by SOLID65 elements. Surface–surface contact
between the steel tube and the inner concrete was used to simulate the interaction be-
tween steel and concrete. The concrete side as the “target surface” was simulated by the
TARGE170 element, and the steel tube side as the “contact surface” was simulated by
the CONTA173 element. Constraining the X, Y, and Z degrees of freedom of all nodes at
the bottom of the RACFST and all nodes at the top of the RACFST was coupled with the
load application position and constrained X and Y degrees of freedom. This is consistent
with the experimental boundary conditions. The modeling method referred to previous
literature [20]. The finite element model is presented in Figure 13.

In the modeling, the constraint effect of steel tubes on concrete was considered [39].
For the constitutive relationship of recycled concrete, the reader is referred to [40].
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Figure 13. Finite element models.

5.2. The Comparison of the Axial Load-Displacement Curve

The load-vertical displacement comparison curve obtained from numerical simulation
and test results is shown in Figures 14 and 15. It can be seen that the stiffness of the two
curves agreed well. The comparison bearing capacity of the yield load and peak load of
RACFST are listed in Table 6. For RACFST with different RCA replacement ratios, the aver-
age yield load from numerical simulation and test results was 1.10, and the average peak
load was 1.05. It can be seen that the bearing capacity by numerical simulation was in good
agreement with the experimental results. In conclusion, the numerical simulation method
used in this paper can effectively simulate the eccentric bearing capacity of the RACFST.

  
(a)  (b)  

  
(c)  (d)  

Figure 14. Cont.
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(e)  (f)  

 
(g)  

Figure 14. Comparison of the axial load-displacement curve. (a) P80-0. (b) P80-20. (c) P80-40.
(d) P80-60. (e) P80-80. (f) P80-100. (g) P80-K.

 
Figure 15. Bearing capacity of FEM.
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Table 6. Comparison of the bearing capacity.

Specimens
Yield Point

Ny-FEM/Ny-test

Peak Point
Np-FEM/Np-test

Ny-FEM (kN) Ny-test (kN) Np-FEM (kN) Np-test (kN)

P80-0 1410 1450 0.97 2012 1904 1.06
P80-20 1419 1248 1.14 1912 1820 1.05
P80-40 1205 1085 1.11 1729 1652 1.05
P80-60 1181 1038 1.14 1691 1580 1.07
P80-80 1079 985 1.10 1579 1510 1.05
P80-100 1017 909 1.11 1513 1449 1.04
P80-K 819 713 1.14 1283 1222 1.05

MV 1.10 MV 1.05

Note: Ny-FEM is the yield load of FEM, Ny-test is the yield load of test results, Np-FEM is the peak load of FEM,
Np-test is the peak load of test results, MV is the mean value.

5.3. The Verification of the Failure Mode

The comparison failure modes of each specimen are shown in Figure 16. The overall
deformation of each specimen basically shows the bending deformation around the weak
axis. The failure modes of each specimen in FEM and test were similar. The local buckling
position of each specimen in FEM and test were similar. There was a slight difference
between the FEM results and the test results, which may be caused by the failure to control
the speed of applying the load during the test. It may also be caused by the fabrication
deviation of the specimen or the non-uniformity of the filling concrete. In general, the
failure modes of the FEM results were generally similar to the test. The above modeling
method can provide a reference for exploring L-shaped columns composed of RACFST.

  
(a)  (b)  

  
(c)  (d)  

Figure 16. Cont.
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(e)  (f)  

(g)  

Figure 16. Comparison of the failure mode. (a) P80-0. (b) P80-20. (c) P80-40. (d) P80-60. (e) P80-80.
(f) P80-100. (g) P80-K.

6. Parametric Analysis

6.1. The Effect of the Eccentricity

In this paper, five different eccentric loading positions were selected to study the
eccentric mechanical properties of RACFST. The eccentric positions were all on the OX’axis,
as shown in Figure 7. The eccentricities of loading points were 0 mm (centroid), 40 mm,
80 mm, 120 mm, and 160 mm. The load-eccentricity curve of RACFST is shown in Figure 17.
It can be seen from Figure 17 that the peak load of RACFST decreased with the increase of
eccentricity, and the greater the RAC ratio, the greater the decrease in peak load. When
the replacement ratio of RAC was 0% and the loading position increased from 0 mm to
160 mm, the peak load of RACFST decreased by about 35%. When the replacement ratio of
RAC was 100%, the peak load of RACFST decreased by about 45%.
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Figure 17. Load-eccentricity curve.

6.2. The Effect of the Steel Strength

In this paper, Q235, Q345, Q390, Q420, and Q460 were selected as variables to study
the effect of steel strength on the eccentric mechanical properties of RACFST. The load-steel
products curve of RACFST is shown in Figure 18. It can be seen from Figure 18 that with
the improvement of steel strength, the peak load of RACFST decreased. When the steel
strength was increased by one level, the amplitude of the peak load of RACFST increased;
it could be increased by about 35%. Thus, the peak load of RACFST can be improved by
improving the steel strength.

 
Figure 18. Load-steel products curve.

6.3. The Effect of the Thickness of the Steel

In order to study the influence of steel thickness on the eccentric mechanical properties
of RACFST, nine different steel thicknesses of 3.75 mm, 5.75 mm, 7.75 mm, 9.75 mm,
11.75 mm, 13.75 mm, 15.75 mm, 17.75 mm, and 19.75 mm were selected to simulate the peak
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load. The steel thickness mentioned here refers to the thickness of the steel tube connecting
the plate and stiffener. The load-steel thickness curve of RACFST is shown in Figure 19.
Figure 19 shows that with the increase in steel thickness, the peak load of RACFST shows
an upward trend. When the steel thickness increased from 3.75 mm to 19.75 mm, the
increased amplitude of the peak load of RACFST under different RAC replacement ratios
was 220%~317%, and the peak load increased with the RAC replacement ratio. This shows
that the peak load of RACFST can be improved by increasing the steel thickness.

 
Figure 19. Load-steel thickness curve.

7. Conclusions

In this paper, the eccentric compressive performance of the L-shaped column com-
posed of recycled aggregate concrete-filled steel tubes was investigated. The eccentric
compression performance of RACFST with the different replacement ratios of recycled
coarse aggregate was explored and compared with the hollow L-shaped column. In
addition, a numerical simulation of eccentricity, steel strength, and steel thickness was
conducted. The research conclusions are summarized as follows:

(1) The peak load of the hollow L-shaped column is lower than that of the L-shaped
column composed of recycled aggregate concrete-filled steel tubes with different coarse
aggregate replacement ratios, which shows that the recycled concrete improves the peak
load of the RACFST. Compared with the hollow L-shaped column, the peak load of the
RACFST with a 0% replacement ratio of RCA increased by 35.82%, and the peak load of the
RACFST with a 100% replacement ratio of RCA increased by 15.67%.

(2) Under eccentric loading, with an increased RCA replacement ratio, the stiffness of
the RACFST decreases. When the replacement ratio of RCA exceeds 40%, the reduction
rate of stiffness slows down.

(3) Under eccentric loading, with an increased RCA replacement ratio, the ductility of
the RACFST decreases. When the replacement ratio of RCA exceeded 40%, the effect of the
elevated replacement ratio on the ductility of the specimens decreased significantly.

(4) With the increase of eccentricity, the bearing capacity of the RACFST
decreases gradually.

(5) With the improvement of steel strength, the bearing capacity of the RACFST
shows an upward trend; that is, the bearing capacity of the RACFST can be improved by
strengthening the steel strength.
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(6) With the increase in steel thickness, the bearing capacity of the RACFST shows an
upward trend; that is, the bearing capacity of the RACFST can be improved by increasing
the steel thickness.
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Abstract: This paper presents a comprehensive framework for the reliability analysis of ship local
structures. Existing reliability analysis of ship local structures relies on empirical analysis without
experimental validation. The presented framework improves the probabilistic simulation process by
combining finite element analysis and the Kriging surrogate model to increase the computational
efficiency in uncertainty quantification. In addition, ultimate strength test data are introduced to
update the prior distribution based on Bayesian data fusion. A cross-deck structure of a ship is
studied in detail to present the application of this work. The framework provides a valuable reference
for the reliability analysis of ship local structures and promotes the development of reliability-based
design code. The novelty of this paper is that it introduces the combination of testing and probabilistic
simulation into the reliability analysis of ship local structures.

Keywords: reliability analysis; ship local structure; probabilistic simulation; Kriging model; Bayesian
data fusion

1. Introduction

Ship structural strength is a pre-requisite for vessels to avoid the risks brought by
severe sea conditions and emergencies. It is necessary to conduct reliability analysis
to assess the reliability level of ship structures. The reliability analysis method is an
effective tool for safer engineering design [1]. Traditionally, in the marine industry, the
empirical safety factor method [2,3] is applied to meet safety requirements, but it has
limited effectiveness. This paper proposes a reliability analysis framework based on
efficient probability simulation and Bayesian updating to address the issue of the reliability
design of ship local structures. Structural reliability assessment with regard to ship local
structures has been attracting growing attention. Zhu [4] investigated the ultimate strength
and reliability assessment of ore carrier local structures. Zhang [5] studied the safety
assessment of a plate structure considering damage caused by an underwater explosion.
Zhang [6] investigated the ultimate strength of steel plates and stiffened panels and their
employment in ship designs. However, the aforementioned studies lack testing validation
of realistic ship local structures. The purpose of this paper is to investigate the reliability of a
ship local structure through the combination of testing and efficient probabilistic simulation
for practical use.
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Reliability analysis is particularly useful in assessing ship structural integrity when
facing uncertainties. Nordsenstrom [7] took the wave bending moment and the bearing
capacity of the hull longitudinal bending as random variables, considered that the wave
bending moment follows the Weibull distribution and the still water bending moment and
the ship bearing capacity obey the normal distribution, and calculated the failure probability
of the hull structure by the full probability method. Mansour [8,9] conducted a systematic
study of the probabilistic model of the longitudinal strength of the hull. Probabilistic
models are widely used to analyze the strength of ship structures. However, probabilistic
simulations are subject to aleatory uncertainties associated with a lack of experimental
data. Hence, it is necessary to introduce testing data for the modification of probabilistic
simulation results.

The longitudinal strength of vessels has been widely researched by many scholars.
Caldwell [10] firstly estimated the ultimate longitudinal strength of steel ships. Researchers
explored the effect of initial imperfections or damage on longitudinal strength [11–13]. The
ultimate strength of a ship hull girder with openings was investigated by Zhao [14]. Xu [15]
and Xia [16] studied the relationship between the load forms and longitudinal strength.
Thus far, researches of longitudinal strength have exhaustively explored many relative
aspects in terms of reliability analysis. The design of ship structures is not always governed
by longitudinal strength. Reliability analysis aiming at specific local structures has great
potential to improve the overall performance of ship design. However, design rules based
on the reliability analysis of ship local structures have not been well developed.

The computational demand of reliability analysis is tractable on analytical systems, but
it can become impossible with complex computer codes such as finite element models [17].
With no analytical formula, the finite element method is essential for the reliability analysis
of complex ship local structures, which leads to high computing costs. The surrogate model
technique can handle the problem effectively. Due to the complexity of ship structures,
the introduction of a surrogate model into the application has practical significance. Re-
searchers proposed a method that combined the first-order reliability method and Kriging
model as the response surface, assessed the prediction accuracy, and verified the usefulness
and efficiency of the reliability analysis using the Kriging model [18]. Methods based
on the Kriging method have been established to optimize the computing problem of the
parameterized model [19,20]. The combination of the finite element model and Kriging
surrogate model is adopted in this framework to improve the efficiency of probabilistic
simulations.

The presented framework proposes an applicable approach to conduct reliability anal-
ysis with respect to real ship local structures. Aiming at ship local structural reliability
design, this paper proposes a comprehensive framework, which conducts probability simu-
lation using the Kriging method, combines test data fusion based on Bayesian update, and
provides structural reliability design recommendations in practice. Considering the trend
of larger-sized vessels, the midship structures are subjected to more transverse compressive
loads, which is likely to lead to buckling failure. Therefore, this paper selects a cross-deck
structure for tests to verify the effectiveness of the reliability analysis framework. The
framework effectively overcomes several key problems: time-consuming and expensive
probabilistic finite element simulations, testing of realistic ship local structures, and reliabil-
ity design code development for specific ship structure design considerations. The main
contribution of this paper is that it explores the efficient application of structural reliability
analysis, with specific illustration on a typical ship local structure for simulation, testing,
and practical design application.

2. Reliability Analysis Framework

2.1. Cross-Deck Structure

The cross-deck structure is designed to avoid tearing caused by the direct welding of
the bulkhead to the deck. The cross-deck structure is usually located between the transverse
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bulkhead and hatch coaming, and its structure mainly includes inclined plates and vertical
plates. The typical structural arrangement is illustrated in Figure 1a,b.

Figure 1. Cross-deck structure and its simplified model (a) The position of cross-deck structure in
ships. (b) Schematic diagram of cross-deck structure (c) Simulation model of cross-deck structure.

In this paper, the cross-deck structure is simplified as a box girder structure for ultimate
strength test consideration. The parametric model of the box girder is established for finite
element simulation. The model of the box girder structure is shown in Figure 1c. This
framework introduces tests to improve the precision of reliability analysis. A test specimen,
shown in Figure 1c, is produced for the ultimate strength test, and the details of the test
specimen are listed in Table 1.

Table 1. Main parameters of box girder structure.

Parameter Unit Data

Upper bottom width mm 400
Bottom width mm 600
Section height mm 500
Overall length mm 1500
Plate thickness mm 3

Stiffener thickness mm 3
Stiffener height mm 30

Material \ Q235

2.2. Efficient Probabilistic Simulation and Bayesian Update

An ultimate strength surrogate model based on the Kriging method of the cross-deck
structure is introduced based on the response values of structural strength simulations.
The response values are obtained by the finite element method, which is applied with
parametric modeling. It is necessary to conduct a precision check for the Kriging surrogate
model through random sampling. The stochastic distribution data of ultimate strength are
obtained through random sampling by the Monte Carlo method of performance function.
However, the result of probabilistic simulation is based on prior estimate simulation,
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leading to a deviation from actual performance. Hence, it is necessary to introduce Bayesian
updating to modify the distribution parameters with the box girder test results. The flow
chart of the framework is illustrated in Figure 2. As shown in the flow chart, the probability
simulation part and experiment part start in parallel, and the experiment part provides
data for Bayesian updating.

Figure 2. Flow chart of reliability analysis framework.

3. Efficient Probabilistic Simulation

With the improvement of simulation tools, the reliability analysis method has also
changed from numerical analysis to simulation. For complex structures, it is difficult
to obtain efficient solutions with probabilistic simulation. This section introduces the
Kriging-assisted probabilistic simulation method for the box girder.

3.1. Probability Parametric Modeling

Referring to the research of Zhu et al. [21], in order to understand the influence of
model parameters on the ultimate bearing capacity of the box girder, the plate thickness tp,
Young’s modulus Ep, stiffener height hs, and stiffener thickness ts of the stiffened panels are
studied as random variables. The ultimate strength distribution of the box girder model is
obtained from probabilistic simulation. In Table 2, values of mean are given on the basis of
the test specimen. The distribution type and coefficient of variation are selected according
to the study of Zhu et al. [21].
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Table 2. Distribution and parameters of random variables.

Random Variables Distribution Type Mean Coefficient of Variation

stiffener height hs normal 30 (mm) 0.03
Young’ modulus Ep lognormal 210,000 (MPa) 0.03

plate thickness tp normal 3 (mm) 0.03
stiffener thickness ts normal 3 (mm) 0.03

There are some commonly used sampling methods, such as Monte Carlo sampling,
optimal Latin hypercube sampling, uniform sampling, and Hammersley sequence sam-
pling. The optimal Latin hypercube sampling is widely used because of its good spatial
uniformity and projection uniformity. This study adopts this method to sample the random
variables in Table 2 as experimental points and test points, respectively. The sampling
interval of each variable is [μ − 3σ, μ + 3σ], where μ is the mean of the variable and σ is the
standard deviation of the variable. The number of sampling points is 50.

For a large number of experimental design points generated by sampling, manual
finite element modeling will be inconvenient. When the finite element modeling process is
the same but the characteristic parameters are different, the parametric modeling can be
performed by modifying the characteristic parameters with code. Parametric modeling has
a significant effect on reducing the workload. In this study, the development of Abaqus
based on Python can realize the automation of a series of finite element analysis. Figure 3
shows the calculation result of the ultimate strength of the box girder model.

Figure 3. Finite element analysis of ultimate strength of box girder model.

3.2. Surrogate Model

The response data y1, y2, . . . , yn of the ultimate strength obtained by the paramet-
ric modeling of the finite element are used as the experimental points to construct an
approximate surrogate model for ultimate strength by the Kriging method. The surro-
gate model schematic diagram is presented in Figure 4. Referring to the works of Sacks
et al. [22] or Simpson et al. [23], the Kriging method used is ordinary Kriging, where f f (x)
is approximated by:

f f (x) ≈ f̃ f (x) = F + Z(x) (1)
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where F is an estimator, Z(x) is a local error term specific to each design point in the
independent variable space, and x is a vector variable describing a design point in the
independent variable space.

Figure 4. Surrogate model schematic diagram.

The relationship of the plate thickness tp, Young’s modulus Ep, stiffener height hs,
stiffener thickness ts, and ultimate strength can be constructed through the surrogate model.
In order to verify the accuracy of the surrogate model for calculating the ultimate strength,
the experimental test points are used to carry out the accuracy analysis. Using experimental
test points as input, we compare the calculation results based on the finite element and
surrogate model and calculate the root mean square error. The construction of the surrogate
model is completed only when the error is less than the specified value. Figure 5 presents
the error distribution of the experimental test points. It can be seen from the figure that,
compared with the results of the finite element calculation, the mean square error of the
surrogate model is 0.170, and the maximum error is 0.56%. In summary, the accuracy of the
surrogate model is sufficient.

Figure 5. Error distribution of experimental test points.
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3.3. Ultimate Strength Uncertainty Quantification

After establishing the ultimate strength surrogate model of the box girder structure and
verifying its accuracy, the Monte Carlo method is applied to sample random variables and
calculate the response value through the surrogate model. Finally, the sampled response
values are fitted to a normal distribution. The mean of the fitted distribution is 8.578 × 105

N, and the standard deviation is 3.97 × 104 N.

4. Test of Box Girder Structures for Ultimate Strength

4.1. Test Specimen and Test Purpose

The test specimen is processed on the basis of the model shown in Figure 1, a box
girder structure. The processing is performed according to specifications [24] formulated
by the China Classification Society.

The failure mode is affected by the load characteristics, material mechanical properties,
and structural size, and these factors have different distribution characteristics. Therefore,
the structural reliability analysis of the cross-deck structure needs to explore the failure
signature under the design load and the failure path of the structure firstly. Hence, the
purposes of the test include the following:

• To obtain the failure path of the structure;
• To obtain the influence characteristics of uncertain factors;
• To verify the reasonability of the selection of reliability analysis parameters.

4.2. Test Process
4.2.1. Initial Defect Measurement

It is difficult to avoid initial defects during the cutting and welding process of steel
plates. The initial defects have significant impacts on the ultimate strength. Hence, it is nec-
essary to conduct initial defect measurement before the test. The traditional measurement
method has the problems of low precision and complicated operation. Therefore, a hand-
held laser 3D scanner is introduced. The handheld laser 3D scanner positioning technology
is able to provide high-precision 3D scanning results, not subjected to dimension, material,
and color, etc. The scanning results of the specimen are shown in real time on the computer
during the scanning process. The handheld scanner and scanning results are illustrated in
Figure 6.

Figure 6. Three-dimensional scanning (a) Three-dimensional scanning with laser scanner (b) Three-
dimension scanning point cloud map.

4.2.2. Test Equipment

The test equipment is shown in Figure 7. A hydraulic jack, displacement sensor, force
sensor, and cover plate are arranged from top to bottom.

Two special upper and lower cover plates are designed, and the thickness of the plates
is 50 mm. The cover plates are provided with grooves with a depth of 10 mm. The width
of the grooves is slightly larger than the thickness of the box girder plates and stiffeners.
The grooves of the upper and lower cover plates are used to hold both ends of the test
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specimen, and the force is evenly transmitted to the specimen through the cover plate at
the upper end.

The force sensor is fixed between the top of the hydraulic jack and cover plate to
measure the axial load on the model. Two laser displacement sensors are arranged symmet-
rically to measure the axial displacement of the specimen. At the same time, a camera is
placed outside each surface of the model to record the deformation process of the specimen
during the test.

Figure 7. Arrangement of test equipment.

4.3. Credibility of Test

We apply an axial compressive load to the box girder structure and measure its
structural displacement. When the load is increased to 603 KN, the box girder structure
is obviously deformed, as shown in Figure 8. Meanwhile, the force sensor values drop,
indicating that the structure has been buckling.

Figure 8. Buckling failure of the specimen.

A total of 8 sets of box girders are manufactured and tested. Load–displacement
curves for a test specimen (No. 7) and the ultimate strength load of 8 sets are illustrated in
Figure 9. The displacement takes the average of the two laser displacement sensors’ values.
The curves show that the test results are convincing, indicating the credibility of the test
design, tooling, and loading process.

4.4. Data Fusion Using Bayesian Updating

The result of probabilistic simulation based on prior distribution is updated with
test data. Test data fusion based on Bayesian updating improves the credibility of the
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results significantly. The Bayesian formula is the foundation of Bayesian updating, as
shown below:

f (θ|x) = f (x|θ) f (θ)
f (x)

(2)

where the parameter θ is a continuous variable:

f (x) =
∫ +∞

−∞
f (x|θ) f (θ)dθ (3)

The parameter θ = (θ1, · · · , θk) is a k × 1 vector, and k is the dimension of θ. The
parameter x = (X1, · · · , Xn) is a n × 1 vector, and n is the number of stochastic variables Xi.
f (θ) in Equation (2) is the prior distribution, which is obtained by probabilistic simulation.
f (x|θ) is the conditional probability distribution of X under given parameter θ, which can

be obtained through test data. The formula of f (x|θ) is illustrated as follows [25]:

f (x|θ) = ∏m
j=1

1√
2πσ

· exp(−1
2
(

xj − x̂
σ

)2) (4)

where xj and x̂ are the jth experimental data and expected value, σ is the standard deviation
of the statistical data, and m is the number of experimental data. As shown in Figure 10,
the distribution after Bayesian updating is more centralized than the previous distribution.

Figure 9. Load–displacement curve and histogram of ultimate strength load (a) Load-displacement
curve of specimen-7 (b) Ultimate strength load of 8 sets of test specimen.

Figure 10. Probability density distribution plot before and after Bayesian update.
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4.5. Analysis of Test and Comparison with Simulation

The initial defect has a great influence on the ultimate strength. The ultimate strength
decreases with the increase in the initial defect. Therefore, the deformation caused by
welding should be minimized as much as possible during processing. Insufficient stiffness
of the upper and side plates is the main reason for the failure of the entire structure.
Increasing the thickness of the upper and side plates appropriately is suggested when
designing a trapezoidal section box girder. The buckling failure mode and ultimate strength
of the test and simulation are anastomotic. The accuracy of the finite element method used
in this framework is confirmed by the test.

5. Reliability Analysis

The purpose of this study is to assess the reliability of the cross-deck structures through
reliability analysis. Generally speaking, the structural reliability analysis process can be
divided into three parts. Firstly, we determine the distribution probability and related
statistics of structural random variables X = (x1, x2, · · · , xN). Secondly, we establish the
limit state equation G(X) of the structure. When G(X) < 0, it means that the structure
fails. Finally, we calculate the probability that G(X) < 0 is the failure probability Pf of the
structure. The main methods of reliability analysis are the first-order reliability method,
the Monte Carlo simulation method, and Response Surface Methodology. In this work, the
first-order reliability method will be used.

5.1. Limit State Equation

Considering the yield failure of the structure under lateral compression, the limit state
equation of the box girder structure is defined as follows:

G(X) = F − Fcd (5)

where F is the ultimate strength of the box girder structure, which is related to the shape,
size, material properties, and boundary conditions of the box girder structure. It can be
obtained by probabilistic simulation with the stochastic finite element method or Bayesian
update with experimental data; Fcd is the lateral load force on the section of the box girder
structure, which is affected by factors such as the hull structure, cargo load, still water load,
and wave load. It can be obtained by formula derivation.

With the knowledge of the probabilistic distribution function of yield loads and
resistance for the box girder structure, the probability of ultimate yield failure of the
structure can be assessed as:

Pf (X) = P(G(X) < 0) = Φ(−β) (6)

where Φ is the standard cumulative normal distribution function, Pf is the probability of
occurrence of the event G(t) < 0, and β is the reliability index.

5.2. Load Design

Referring to the article [21], the lateral load force Fcd of the box girder structure is
affected by the hull structure, cargo load, still water, and wave load. However, due to the
lack of information on cargo loads, still water load, and wave load, this paper adopts the
method of assuming loads. Figure 11 shows the probability density distribution of three
different distributed loads under consideration.
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Figure 11. Probability density distribution of three different distributed loads.

5.3. Local Safety Factor Calculation

In this study, the local safety design criteria for the box girder are:

γsFcd ≤ F
γr

(7)

where γs, γr are the Partial Safety Factors for load and the Partial Safety Factors for
resistance, respectively. Fcd, F are the average values of load and resistance, respectively.
The relationship between these parameters is shown in Formulas (8)–(10):

K = γr·γs (8)

where K is the local safety factor of the box girder structure,

γr =
1 − KRu

μRu
C.O.VRu

1 − 0.75βC.O.VRu

(9)

γs =
1 + 0.75βC.O.VSe

1 + KSe
μSe

C.O.VSe

(10)

where β is the reliability index obtained by the reliability calculation method. The C.O.VRu

and C.O.VSe are the coefficients of variation of resistance and load, respectively. KRu takes
the value that makes the characteristic resistance Rk

u equal to the 5th percentile of the
resistance distribution. KSe takes the value that makes the characteristic loading effect Sk

e
equal to the 5th percentile of the loading distribution. Table 3 shows the various coefficients
and local safety factors under different load distributions and parameters.
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Table 3. Coefficients and local safety factors under different load distributions and parameters.

Statistical Parameters Distribution Type β γs
1
γr

K

mean: 30 × 104N
standard deviation: 3 × 104N

Lognormal 10.351 1.993 0.847 2.353
Gumbel 7.141 1.970 0.847 2.325
Frechet 4.936 1.969 0.847 2.325

mean: 40 × 104N
standard deviation: 4 × 104N

Lognormal 7.491 1.600 0.907 1.764
Gumbel 4.949 1.582 0.907 1.744
Frechet 4.107 1.582 0.907 1.744

mean: 50 × 104N
standard deviation: 5 × 104N

Lognormal 5.273 1.337 0.947 1.411
Gumbel 3.768 1.322 0.947 1.395
Frechet 3.340 1.322 0.947 1.395

6. Discussion on Limitations of Framework

Although this framework presents a comprehensive reliability analysis of practical
ship local structures through the combination of testing and probabilistic simulation, several
limitations of the framework have to be recognized.

The test is built on a scaling model and not a real cross-deck structure because of the
high cost and difficulties of a full-scale ship structure test. Secondly, reliability results can
be affected by the choice of probabilistic distribution type and parameters, such as those
listed in Table 2. Moreover, a probabilistic load is assumed in the framework. An axial load
is considered in the test, while more complex loading conditions can arise in real situations.
Thus, it must be noted that these limitations should be taken into consideration before
applying this developed framework to ship local structures.

7. Conclusions

The ultimate strength experiment and FEM analysis indicated that the stiffness in-
sufficiency of the upper and side plate is the main reason for the failure of the box girder
structure. The thickness of the upper and side plate should be increased appropriately for
more capable designs. The high fitness of results on the buckling failure mode and ultimate
bearing capacity between the experimental and numerical models reveals the accuracy of
the FEM. For model calculation, initial defects lead to a decline in the ultimate strength
value. Hence, the deformation caused by welding should be controlled as far as possible
during component processing.

The reliability study of a cross-deck structure shows a concrete application of the
presented reliability analysis framework, which takes experimental data and FEM modeling
into consideration. The Kriging surrogate model significantly reduces the required amount
of probabilistic simulations by using parametric modeling. In addition, the Bayesian
updating method decreases the uncertainty of the ultimate strength and rectifies errors
between the test and modeling. According to the reliability results, the height of the stiffener
and the thickness of the plate play a positive role in structural reliability levels.

This paper proposes a reliability analysis framework and explores the comprehensive
combination of probabilistic simulation and testing. The framework improves the precision
and decreases the computation cost and demands effectively. The study offers contributions
to the development of the reliability-based design code for ship local structures.
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Abstract: The structure of a prestressed steel structure is complex, which can result in insufficient
control accuracy and the low efficiency of the structural safety. The traditional analysis method only
obtains the mechanical parameters of the structure and it cannot obtain the key factors that affect
the structural safety. In order to improve the intelligence level of the structural safety performance
analysis, this study proposes an intelligent analysis for the safety-influencing factors of prestressed
steel structures that is based on digital twins (DTs) and random forest (RF). Firstly, the high-precision
twin modeling is carried out by the weighted average method. The design parameters and the
mechanical parameters of the structure are extracted in real time in the twin model, and the parameters
are classified by the RF. The fusion mechanism of the DTs and RF is formed, and the intelligent analysis
model of the structural safety factors is established. Driven by the analysis model, the correlation
mechanism between the design parameters and the mechanical parameters is formed. The safety state
of the structure is judged by the mechanical parameters, and the key design parameters that affect the
various mechanical parameters are analyzed. Through the integration of the design parameters and
mechanical parameters, the intelligent analysis process of the safety-influencing factors of prestressed
steel structures is formed. Finally, an intelligent analysis of the importance of the safety-influencing
factors is carried out with the string-supported beam structure as the test object. Driven by the
integration of DTs and RF, the key design parameters that affect the various mechanical parameters
are accurately obtained, which provides a basis for the intelligent control of the structural safety.

Keywords: digital twin; random forest; prestressed steel structure; influencing factors; intelligent analysis

1. Introduction

Prestressed steel structures have the advantages of strong spanning capacities, beau-
tiful shapes, light weights and short construction periods, and they are used in public
buildings, such as in large stadiums [1]. At present, prestressed steel structures mainly
include the cable dome structure [2]; the wheel spoke structure [3]; the cable truss structure,
without the inner ring space [4]; the cable net structure [5]; the cable net shell structure [6]
and so on. Prestressed steel cable is widely used in cable dome structures, and the com-
pression rod is less and shorter, so that it can give full play to the tensile strength of the
steel, and the structural efficiency is very high. The cable dome structure was applied to
the gymnastics hall of the Seoul Olympic Games in South Korea. Radiated cable truss is
mainly composed of an external pressure ring, cable truss and an inner pull ring. The Jabir
Ahmed Stadium in Kuwait is a single-layer spoke cable truss. The ringless prestressed
cable-supported structure system includes two categories: the ringless prestressed cable-
supported structure system, and the ringless prestressed string-supported structure system.
The Beijing Olympic Badminton Pavilion applies a cableless dome structure. The Beijing
Winter Olympic Speed Skating Hall is the largest single-layer orthogonal cable-net structure
in the world. The accurate safety maintenance of long-span spatial structures is also an
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important standard for the measurement of the national construction technology and level.
The mechanical properties of the components directly determine the safety performance of
the structure [7]. In the structure, different design parameters have also become important
factors that affect the structural safety state. Since large-span spatial structures are mostly
used in buildings of high importance, the safety performance of the structures is strictly
required [8–10].

Guo et al. [11] investigated the effect of the initial cable length error in the prestressing
state on the sensitivity of prestressed cables to the length error. By controlling the length
error, the prestress level during the cable tensioning was effectively improved. In order to
ensure the stability of the construction process of cable dome structures, Zhang et al. [12]
propose a joint-square double-strut cable dome structure. This structure effectively im-
proves the safety control accuracy of the structure. Wang et al. [13] analyzed the most active
parameters (e.g., the cable force) in the construction process of spatial-structure prestressed
cables in the whole process of prestressed cable tension. The safety of the construction
process structure is ensured by analyzing the cable force. Arezki et al. [14] investigated
the effect of temperature variation on the safety performance of cable truss structures and
cables. Basta et al. [15] studied the quantitative evaluation of the decomposability of the
cable-net structure on the basis of building information modeling (BIM).

By analyzing the research of the abovementioned scholars, new structural forms and
efficient technical methods are studied for the safety maintenance of prestressed steel
structures. With the development of a new generation of information technology and
the promotion of industrial information systems, the application of intelligent technology
to engineering construction has become a research hotspot. The application of DTs and
intelligent algorithms in engineering practice can significantly improve the accuracy and
intelligence of the structural performance analysis [16,17]. The integration of DTs and
intelligent algorithms can realize the virtual simulation of the safety state of prestressed
steel structures, and it can form the association mining between the design parameters
and the mechanical parameters. Finally, the key factors that affect the structural safety
performance were obtained in order to achieve the precise maintenance of structural safety.

DTs simulate and depict the state and the behavior of physical entities with a dy-
namic virtual model with high fidelity. As a link between the real physical world and
the virtual digital space, it is the key enabling technology for the realization of intelligent
construction [18,19]. Artificial intelligence has been applied in many disciplines and has
formed a variety of intelligent algorithms [20], which can extract high-level features from
the original data for perceptual decision making, and can improve the objectivity and
accuracy of the information evaluation [21]. Liu et al. [22] propose a DT-driven dynamic
guidance method for fire evacuation. The method integrates the Dijkstra algorithm to
realize the real-time acquisition of environmental information, the three-dimensional vi-
sualization of the indoor layout and evacuation path planning. Lu et al. [23] integrated
DTs, machine learning and data analysis to create a simulation model that represents and
predicts the current and future conditions of physical counterparts. The integration of tech-
nology promotes the implementation and development of smart cities. Acharya et al. [24]
propose a visual positioning method to achieve the real-time and accurate positioning
of indoor buildings. The 3D indoor model is used to eliminate the image-based indoor
environment reconstruction requirements, and the deep convolution neural network is
fused to fine-tune the image. Random forest (RF) has strong advantages in data processing,
especially data classification. Bhuiyan et al. [25] conducted a comprehensive assessment
of 17 developed economies by using RF methods, a fuzzy decision-making test and as-
sessment laboratory methods. For a structural health monitoring and reliability analysis,
Liu et al. [26] studied an uncertain dynamic load identification strategy combined with
the Kalman filter algorithm and the RF model. Soleimani [27] propose a machine learning
algorithm (the RF ensemble learning method) to evaluate the importance of the modeling
parameters for estimating the seismic demand. The results of the RF analysis are helpful
to better understand the seismic performances of bridges. Therefore, the integration of
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DTs and intelligent algorithms provides new ideas and methods for the intelligent trans-
formation and upgrading of the construction industry. Driven by DTs, the high-fidelity
twin model of the structure is established. By extracting the structural safety indicators
and their corresponding influencing factors in the twin model, the importance of various
factors is analyzed by RF, which provides a reliable basis for structural safety control and
maintenance.

In view of the demand for the intelligent analysis of the construction safety of pre-
stressed steel structures, the advantages of DTs and intelligent algorithms are combined.
Prestressed steel structures are mostly used in large public buildings, and their dynamic
behavior needs real-time simulation. Therefore, building a high-fidelity simulation model
based on DTs is a key step. In this study, an intelligent analysis method for the safety-
influencing factors of prestressed steel structures that is based on DTs and random forest
(RF) is proposed. Firstly, the construction method of the high-precision twinning model
of the structure is formed on the basis of the weighted average method. By analyzing the
fusion mechanism of DTs and RF, an intelligent analysis model of the structural-safety-
influencing factors is formed from five dimensions. Driven by the analysis model, the
correlation mechanism between the design parameters and the mechanical parameters is
established. Design parameters are the influencing factors of the structural safety. The
safety performance of the structure is reflected according to the mechanical parameters.
The key design parameters that affect the structural safety performance are obtained by the
classification of the mechanical parameters. When the structural mechanical parameters
exceed the limit, the key design parameters can be corrected to accurately formulate the
safety maintenance measures. The resulting theoretical method is applied to the analysis of
the influencing factors of the safety performance of beam string structures. By analyzing
the influence of the change in the design parameters on the mechanical parameters in the
test structure, the correction of the key influencing factors can significantly improve the
safety performance of the structure. This study provides a reliable basis for structural
health monitoring by analyzing the key factors that affect the structural safety performance.

2. Construction of Structural Twin Model Based on Weighted Average Method

In the process of the intelligent analysis of the safety-influencing factors of prestressed
steel structures, the establishment of a high-precision twin model is the first step. Firstly,
the finite element model of the structure is established, which can simulate the mechanical
properties in real time. In order to strengthen the simulation ability of the finite element
model, it is necessary to modify the virtual twin model of the structural construction
process. The average weighting method [28] corrected the virtual model by combining
the monitoring data of the real structure and the simulation data of the finite element
model. The basic principle involves the selection of different weights for different location
sensitivity indicators to achieve the goal of minimizing the sum of the squared Euclidean
distances between the fusion results and each sensitivity indicator.

Assuming that the actual monitoring value of a certain mechanical parameter of
each node of a cable in a prestressed steel structure under a certain working condition is
x1, x2, . . . , xn, then the average value (x) of the actual monitoring value is expressed as
Equation (1):

x =
n

∑
i=1

xi/n (1)

Then, the weight (ωi) of each mechanical parameter is expressed by Equation (2),
which is expressed as:

ωi = (1/di)/ ∑n
i=1(

1/di) (2)

In the equation, di is the Euclidean distance between the mechanical parameters and
the average value of the mechanical parameters, which is expressed as Equation (3):

di = ‖x − xi‖ (3)
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Combined with the data of each node, the weighted average of the monitoring value
of the mechanical parameters (x̂) of the whole cable can be calculated, which is expressed
as Equation (4):

x̂ = ∑n
i=1 ωidi (4)

According to the weighted average of the monitoring values of the mechanical pa-
rameters of each cable, the overall monitoring value (D) of the structure can be calculated,
which is expressed as Equation (5):

D = μ + αcσ (5)

where αc is the confidence level of the mechanical parameter analysis, which is 1.5 in this
study. μ and σ denote the mean and the standard deviation of the weighted average of the
monitored values of the mechanical parameters (x̂) for each cable, respectively.

Similarly, by using the above steps, the simulation values (D∗) of the mechanical
parameters in the finite element model can be calculated. By using Equation (6) to judge
the fidelity of the simulation model, the correction of the virtual model is completed, which
ensures that the simulation data effectively represent the mechanical properties of the real
structure:

ED =
|D∗ − D|

D
× 100% (6)

In Equation (6), ED is a metric for determining the fidelity of the twin model.

3. Analysis Framework of Influencing Factors Driven by Fusion of DTs and RF

DTs provide an important theoretical basis and technical support for the bidirectional
connection and real-time interaction between virtual space and physical space. DTs use
digital technology and virtual model simulation technology to explore and predict the
running state of physical space. DTs are a link to realize the interaction and seamless
connection between physical space and virtual space, and they provide more real-time,
efficient and intelligent services. The strong nonlinear fitting ability of artificial intelligence
is suitable for analyzing complex mapping relations, and its generalization ability, reliability
and robustness have breakthrough advantages over performance prediction methods.
Artificial intelligence can dispense with the dependence on a large number of signal-
processing technologies and diagnostic experience, and can complete the adaptive feature
extraction and security state analysis. The high-fidelity behavior simulation of the structure
state that is driven by online data is completed by DT technology, and the real-time-state
visualization of the structure is realized. On the basis of the intelligent algorithm, the
analysis of the structural safety performance data is realized. The integration of DTs and
the intelligent algorithm provides a theoretical basis for the intelligent analysis of the
influencing factors of the structural safety performance.

3.1. Fusion Mechanism of DTs and RF

By combining DTs with RF [29], a highly robust analysis model with good performance
can be obtained. By combining the data characteristics that are required for training the
RF and the historical data structure in the DT model, the rules for RF to obtain twin data
information can be obtained. On the basis of the prediction results of the DTs, the adjust-
ment suggestions for the structural safety maintenance are provided. The collaborative
interaction mechanism between the DT model and the RF model is formed so as to establish
the fusion mechanism of the structural-safety-influencing factors on the basis of the DT
model and the RF (DTs-RF).

The integration of DTs and RF forms an intelligent analysis system for the structural-
safety-influencing factors. Its essence is as follows: Through the twin model of the virtual
space to realize the real physical space structure to the virtual space synchronous mapping,
realize the visualization and digitization of all of the elements of the structural safety
maintenance. Through the virtual model to simulate the reality, the collaborative feedback
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makes it run synchronously with the physical construction, and it realizes the virtual
mapping and virtual control. By integrating the data analysis method of RF, the intelligent
analysis of the data-driven structural-safety-influencing factors is realized. Finally, the
collaborative manipulation and interactive feedback of the physical dimension of the real
maintenance system and the information dimension of the virtual maintenance system are
formed. A new structural safety analysis and maintenance mode with iterative optimization
and intelligent analysis is constructed.

As is shown in Figure 1, the fusion mechanism of DTs and RF is built. The basis of this
fusion mechanism is the intelligent collection and dynamic perception of real structural
safety information. In this study, intelligent sensing devices, such as 3D laser scanners and
sensors, are used to intelligently collect and dynamically perceive the environmental and
mechanical properties of the structure [30], thereby providing a basis for the establishment
of the structural twin model and the intelligent analysis. Information management and the
control platform, which are based on multisource heterogeneous data, are the core of the
fusion of DTs and RF, which can analyze and predict the safety performance of the structure
in real time. Finally, the unsafe state of the structure is corrected, and the feasibility of the
correction is analyzed in the twin model so as to accurately guide and control the safety
state of the structure over the whole life cycle.

Figure 1. Fusion mechanism of DTs and RF.

Through the analysis of the fusion mechanism of DTs and RF, it can be concluded that
the intelligent analysis of the structural-safety-influencing factors that are driven by the
fusion of the two has the following characteristics:

1. Real-time perception reflects reality by virtuality. Through the information collection
of the physical construction system, and the establishment of the virtual model for
the whole life cycle of the structure, the visual monitoring of the whole process of the
safety-state change is realized. The whole process of the full-factor multidimensional
and multiscale information fusion is realized, which provides a synchronous operation
model for the construction structure site;

2. Data-driven intelligent diagnosis. Through the information management and control
platform, the DT model is combined with the RF so that the system can make full
use of historical data, real-time data collection, simulation data and other multiple-
construction information. The system excavates and analyzes all kinds of data, in-
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telligently diagnoses the structural safety over the whole life period and avoids the
construction risk in time;

3. Scientific prediction with virtual control. The data model and the intelligent scheme
established by RF and other means. Through the simulation of the twin model, the
maintenance measures are finally fed back into the actual maintenance process to
realize the intelligent safety control of the real structure over the whole life cycle.

3.2. Intelligent Analysis Model of Structural Safety Factors

In the intelligent analysis method for the safety-influencing factors of prestressed steel
structures, finding the key design parameters that affect the various mechanical parameters
of the structure is the core step. Driven by DTs, a multidimensional model is formed. Under
the interaction and cooperation of the various levels of the multidimensional model, the
intelligent analysis of the structural safety factors is realized. In the physical space, the
effect of the sensor on the structure and the mechanical parameters of the structure are
collected in real time. At the same time, the virtual model of the solid structure is created
in the process of the finite element analysis. The corresponding working conditions are set
in the model so as to simulate the twin data of the role of the structure and the mechanical
properties of the structure. Thus, the twin simulation of the real structure is realized. The
model foundation is established for the intelligent analysis of the safety-influencing factors
of prestressed steel structures driven by DTs, which provides a basis for the structural safety
performance maintenance. The multidimensional model for the intelligent analysis of the
structural-safety-influencing factors is established by Equation (7). The twin simulation
model consists of five dimensions:

DTM =
(

Spr, Svm, Ptd, L f a, Cn

)
(7)

where DTM is a multidimensional model for the analysis of the influencing factors of
the structural safety; Spr denotes a physical structure entity; Svm refers to the virtual
structure model; Ptd is the twin data processing layer; L f a equals the functional application
layer; and Cn is a connection between the components. The twin model can realize the
simulation mapping of the real structure, and it can process the structural parameters of
real monitoring and virtual simulation. In the structure, the influence degrees of various
design parameters are obtained by analyzing the change in the mechanical parameters.
Thus, the design parameters of the structure can be modified when a mechanical parameter
of the structure changes. Finally, the intelligent maintenance of the structure is realized.
The multidimensional model for the analysis of the influencing factors of structural safety
is shown in Figure 2. In the multidimensional model, the virtual–real interaction and the
spatiotemporal evolution of the structural-safety-state changes are fully considered. In
the perspective of the virtual–real interaction, the virtual structure model is established
according to the physical structure entity to realize the real mapping of the security state,
and it can provide feasibility verification for the final maintenance measures. From the
perspective of the spatiotemporal evolution, with the change in the structural state, the
design parameters and the mechanical parameters are constantly changing. Finally, the
influencing factors of the safety performance are analyzed by analyzing the relationship
between the mechanical parameters and the design parameters. Driven by DTs and RF, the
real-time feedback of the structural safety state and the closed-loop control of the safety
risk are realized.
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Figure 2. Multidimensional model for structural-safety-influencing factor analysis.

4. Importance Analysis of Structural-Safety-Influencing Factors under
Multisource-Parameter Fusion

Driven by the multidimensional model for the structural safety factor analysis, the
correlation mechanism between the structural design parameters and the mechanical
parameters is first clarified by the twin model. By classifying the mechanical parameters,
the key design parameters that affect the structural mechanical parameters are obtained
under the driving force of the RF. Therefore, when a certain mechanical parameter of the
structure exceeds the limit, the key mechanical parameters are corrected to realize the safety
control of the structure.

4.1. Correlation Mechanism between Design Parameters and Mechanical Parameters

The structures of long-span prestressed steel structures are complex, and the safety
state changes in real time. The structural safety risk involves multiple factors, such as
the cable prestress, the component stress, the configuration, the tensioning machine, the
construction parameters, the environmental change and the safety management level. The
corresponding data and risk prediction control are often out of state, which also affects the
efficiency of the structural safety risk state judgment and the control decision.

In the process of structural construction safety prediction, the corresponding relation-
ship between the design parameters and the mechanical parameters is extracted according
to the simulation results. With the help of the intelligent algorithm, association rules be-
tween the data are mined. According to the characteristics of prestressed steel structures,
the correlation mechanism between the design parameters and the mechanical parame-
ters is formed during the construction and maintenance stages of the structure, which is
expressed as Equation (8):

f (a1,a2, . . . , am)
R⇔ g(b1,b2,. . . , bn) (8)
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In the equation, f (a1,a2,. . . , am) denotes the set of design parameters. a1,a2,. . . , am
denote the specific design parameters, such as the size of the member, the initial tension of
the cable, the number of the structural pieces, etc.; and g(b1,b2,. . . , bn) represents the aggre-
gate of the mechanical parameters. b1,b2,. . . , bn, respectively, equal the specific mechanical
parameters, such as the cable force, the stress and the vertical displacement of the structure.
R⇔ denotes the corresponding relationship between the different design parameters and the

mechanical parameters according to the technical standards and the data association rules
of the structures. Driven by the association rules, the intelligent analysis of the influencing
factors of the structural safety can be realized. The mechanical parameters of the structure
are obtained by changing the design parameters, and the data set is formed to judge the
key design parameters that are driven by RF.

4.2. Analysis Process of the Importance of Structural Safety Factors

By establishing the correlation mechanism between the design parameters and the
mechanical parameters, the analysis set of the safety-influencing factors is formed. In the
process of analysis, the mechanical parameters are classified, and the key factors are ana-
lyzed by RF. By constructing different sample training sets, the RF expands the differences
among the classification models of the decision tree so as to improve the extrapolation
prediction ability of the combined classification model [31–33]. A classification model
sequence ({h1(x),h2(x),. . . hK(x)}) is obtained through K-round training. At this time, a
multiclassification model system is formed. The final classification result is obtained by
using a simple majority voting decision, and the final classification decision is expressed as
Equation (9):

H(x) = arg max
Y

∑K
i=1 I(hi(x) = Y) (9)

In the formula, H(x) represents the combined classification model; hi refers to the
single decision tree classification model; Y denotes the output variable; and I(·) is the
indicative function. In the process of constructing the RF classification algorithm, it is
necessary to set the number of decision trees and to ensure the maximum number of
features when the model is optimal.

According to the correlation mechanism between the design parameters and the me-
chanical parameters and the classification of the mechanical parameters, the data samples
of the mechanical analysis are formed. In the sample, the design parameters are used as the
input elements, and the security level is used as the output element. A sample acquisition
can be expressed as Equation (10):

DP MP⇒
⎧⎨⎩

Dp→ (A, B, C, D)
Sc→ (A, B, C, D)

(10)

In the formula, DP represents the design parameters of the structure, and MP repre-
sents the mechanical parameters of the structure. The safety performance is characterized
by the mechanical parameters of the structure. There are mainly two types of mechanical
parameters in the prestressed steel structure: the vertical displacement (Dp) and the stress
of the cable (Sc). The two types of mechanical parameters are classified into four grades
(A,B,C,D). On the basis of the obtained samples, the training set and the test set of the anal-
ysis model are divided. Driven by RF, a high-precision mechanical property analysis model
is established by adjusting the super-parameters. The grades of the various mechanical
parameters can be judged by the designing parameters, and the key factors that affect the
changes in the various mechanical parameters can be obtained. The key influencing factors
of the mechanical parameters are the corresponding design parameters. The importance
analysis process of the safety-influencing factors of prestressed steel structures is shown in
Figure 3.
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Figure 3. Importance analysis process of prestressed steel structure safety factors.

5. Analysis of Safety Factors of Beam String Structures

The data association mechanism of DT modeling is applied to RF to form an intelligent
analysis method for the structural safety factors. The theoretical method is applied to
the safety assessment of a beam string structure. The correlation mechanism between the
design parameters and the mechanical parameters is established. Driven by this research
method, the key design parameters are obtained through the classification of the structural
mechanical parameters, and the intelligent analysis of the structural-safety-influencing
factors is realized.

5.1. Test Structure Model

Taking the chord beam roof of a convention and exhibition center as the research object,
one of the plane string structures is selected as the calculation model. One of the design
parameters is taken in this study, and the model construction is shown in Figure 4. The
span of the structure is L = 48 m, the rise height is 0 m, the sag is 3.5 m, and the number of
struts is 9. The upper chord beam adopts H-shaped steel (Q345B). The pole adopts a round
steel tube (Q235B). The lower chord cable adopts two types of 55 light-circle stress-relief
steel wires.

In the process of the structural construction safety analysis, the size of the abovemen-
tioned chord beam, the size of the strut, the diameter of the lower chord cable, the number
of struts, the arc of the lower chord cable and the initial tension of the lower chord cable
are taken as the structural design parameters. The arc of the lower chord cable is used to
reflect the length of each strut. In this test structure, the tangent value (tan α) of the radian
is expressed by Equation (11):

tan α =
hs

lc
(11)

In the equation, hs represents the length of the mid-span brace, and lc refers to the
distance from the starting point of the lower chord cable to the midspan.
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Figure 4. Structure model.

According to the design parameters, the mechanical parameters of the structure can
be generated by setting the construction conditions in the finite element software. The
main mechanical parameters that are analyzed in this study are the vertical displacement
and the stress of the lower chord cable. The working condition that is considered in the
construction process is: 0.9 × constant load + 1.5 × wind load.

5.2. Relationship between Design Parameters and Mechanical Parameters

In the analysis process of this structure, in order to accurately determine the mechanical
parameters, two analysis models of the vertical displacement that correspond to the design
parameters and the stress of the lower chord cable, respectively, are established. The values
of the six design parameters, according to engineering experience, are shown in Table 1.

Table 1. Values of design parameters.

Parameter Type Taking Values

Size of upper chord beam (mm) H700 × 250 × 20 × 36, H700 × 250 × 16 × 20
Size of strut (mm) ∅150 × 8,∅160 × 8,∅170 × 8

Diameter of lower chord cable (mm) 50, 55, 60, 65, 70
Number of struts 7, 9, 11

Arc of lower chord cable (◦) 8, 9, 10
Initial tension of the lower chord cable (KN) 600, 700, 800, 900, 1000

A high-precision finite element twin model is established by the weighted average
method. Taking the combination of one of the design parameters as an example, the specific
parameters are shown in Table 2. Among them, there are nine struts, the radian of the
lower chord cable is 8◦ and the initial tension is 700 kN. The twin model of the structure is
established under the correction of the weighted average method. Under the condition of
self-weight, the accuracy of the twin model is verified by comparing the internal forces of
each component in the experimental model to the twin structure. In the test, the internal
force of each component is collected by the column tension-and-compression sensor. The
comparison between the simulation value of the internal force in the twin model and the
acquisition value of the internal force in the test structure is shown in Table 3. The internal
force error of the component is within 3%, which realizes the high-fidelity mapping of
the test structure. The test structure is symmetrical. Therefore, under the condition of
self-weight, the internal force of half of the components in the structure is compared. The
numbers of the components are shown in Figure 5.
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Table 2. Sectional dimensions of components.

Section of Top Chord Size of Strut Cable Size

Left Section (mm) Midportion (mm) Right Section (mm) Model Area (m2) Model Area (m2)

H700 × 250 × 20 × 36 H700 × 250 × 16 × 20 H700 × 250 × 20 × 36 ∅150 × 8 0.0038 2SNS/Sϕ7 × 55 0.0021

Table 3. Comparison of internal force simulation values and acquisition values.

Component Number Simulation Value (N) Acquisition Value (N) Error

1 140,377 140,253 0.088%
2 −6435 −6447 −0.186%
3 −6853 −6842 0.161%
4 −6907 −6893 0.203%
5 −6939 −6947 −0.115%
6 −6949 −6962 −0.187%

Figure 5. Numbering of components.

The mechanical parameters of the twin model structure are shown in Figure 6. By
comparing them with the parameters in the real structure, the high fidelity of the twin
model is ensured. The structure forms that correspond to the other design parameters
are judged by the weighted average method, as described in Section 1. The mechanical
parameters of the structure are formed under load.

5.3. Analysis of Structural Safety Factors

Driven by the correlation mechanism between the design parameters and the mechan-
ical parameters, the mechanical properties of the structure are analyzed by integrating
random forests. The mechanical properties of the structure are analyzed under the action
of: 0.9 × constant load + 1.5 × wind load. In the high-fidelity twin model, the design
parameters of the structure are set. The combination of the design parameters is selected
according to Table 1. In this study, a total of 560 structural analyses were carried out in the
combination of design parameters. Limited to the length of the article, Table 4 shows the
design parameters and their corresponding mechanical parameters in 30 structural types.

In the analysis process, the correlation between the design parameters and the me-
chanical parameters was established through 560 sample sets. The vertical displacement
of the structure and the stress of the cable are important indexes to measure the safety
performance of the structure. According to the analysis process in Section 4.2, various
mechanical parameters are classified first, as shown in Table 5.
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Table 4. Correspondence between different design parameters and mechanical parameters.

Size of Upper Chord
Beam (mm)

Size of
Strut (mm)

Diameter of
Lower Chord
Cable (mm)

Number of
Struts

Arc of Lower
Chord Cable (◦)

Initial Tension
of the Lower
Chord Cable

(KN)

Vertical
Displacement

(mm)

Cable Stress
(Mpa)

H700 × 250 × 20 × 36 150×8 50 7 8 600 −21.8589 292.9
H700 × 250 × 20 × 36 160×8 55 7 8 700 −20.7268 269
H700 × 250 × 20 × 36 170×8 60 7 8 800 −19.7968 247.4
H700 × 250 × 20 × 36 170×8 65 7 8 900 −19.1291 225.4
H700 × 250 × 20 × 36 150×8 70 7 9 1000 −16.0137 195.9
H700 × 250 × 16 × 20 160×8 50 7 9 600 −16.1379 159.8
H700 × 250 × 16 × 20 170×8 55 7 9 700 −17.3404 135.4
H700 × 250 × 16 × 20 150×8 60 7 10 800 −20.2685 129
H700 × 250 × 16 × 20 160×8 65 7 10 900 −30.8147 121
H700 × 250 × 16 × 20 170×8 70 7 10 1000 −41.0492 113
H700 × 250 × 20 × 36 150×8 50 9 8 600 −21.751 306.6
H700 × 250 × 20 × 36 160×8 55 9 8 700 −20.4623 283
H700 × 250 × 20 × 36 170×8 60 9 8 800 −19.3475 261.7
H700 × 250 × 20 × 36 170×8 65 9 8 900 −18.317 240.8
H700 × 250 × 20 × 36 150×8 70 9 9 1000 −14.7422 211.8
H700 × 250 × 16 × 20 160×8 50 9 9 600 −14.12 191.1
H700 × 250 × 16 × 20 170×8 55 9 9 700 −13.7923 172.6
H700 × 250 × 16 × 20 150×8 60 9 10 800 −13.7882 147.2
H700 × 250 × 16 × 20 160×8 65 9 10 900 −13.2104 132.5
H700 × 250 × 16 × 20 170×8 70 9 10 1000 −13.9175 119.8
H700 × 250 × 20 × 36 150×8 50 11 8 600 −21.9187 316.5
H700 × 250 × 20 × 36 160×8 55 11 8 700 −20.5432 293
H700 × 250 × 20 × 36 170×8 60 11 8 800 −19.333 271.7
H700 × 250 × 20 × 36 170×8 65 11 8 900 −18.1724 250.5
H700 × 250 × 20 × 36 150×8 70 11 9 1000 −13.6152 202
H700 × 250 × 16 × 20 160×8 50 11 9 600 −12.551 175
H700 × 250 × 16 × 20 170×8 55 11 9 700 −12.0984 161.7
H700 × 250 × 16 × 20 150×8 60 11 10 800 −11.3253 160.4
H700 × 250 × 16 × 20 160×8 65 11 10 900 −11.1626 147.3
H700 × 250 × 16 × 20 170×8 70 11 10 1000 −11.1514 136.1

Table 5. Classification of various mechanical parameters.

Parameter Type Class Corresponding Interval

Vertical displacement

A [−10 mm, 0 mm)
B [−20 mm, −10 mm)
C [−30 mm, −20 mm)
D [−40 mm, −30 mm]

Cable stress

A [100 Mpa, 175 Mpa)
B [175 Mpa, 250 Mpa)
C [250 Mpa, 325 Mpa)
D [325 Mpa, 400 Mpa]

In the process of the mechanical property analysis, vertical displacement and cable
stress analysis models are established. Driven by random forests, the levels of the design
parameters and of the mechanical parameters are taken as the input and output layers of
the model, respectively. Through the analysis of the model, the key factors that affect the
changes in the various mechanical parameters are found, as shown in Figure 7.

It can be seen from Figure 7 that the key factors that affect the vertical displacement and
the cable stress in this structure are the number of struts and the radian of the lower chord
cable, respectively. Therefore, when the safety performance of the structure exceeds the
specification limit, the structural maintenance can be accurately carried out by adjusting the
corresponding design parameters. In order to intuitively represent the influence of the key
factors on the structural mechanical parameters, two types of design parameters, and their
corresponding mechanical parameters, are extracted from the correlation mechanism of the
design parameters and the mechanical parameters. The relationship between the key design
parameters and the mechanical parameters is shown in Figure 8. In the string-supported
beam structure, the greater the number of struts, the greater the initial tension of the lower
chord cable, and the vertical displacement of the structure is relatively small. When the arc
of the lower chord cable is smaller and the number of struts is greater, the corresponding
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cable stress is relatively large. Therefore, when the mechanical parameters of the structure
exceed the limit, the safety maintenance measures can be accurately formulated.

The limit values of the structural mechanical parameters are shown in Table 6. During
the test, the mechanical parameters that correspond to different design parameters are
compared and analyzed by setting the load conditions. At the same time, the change
in the mechanical parameters is investigated by changing the key factors that affect the
structural safety. In the process of the experimental verification, it was proven that the
number of struts and the arc of the lower chord cable have the greatest influence on the
vertical displacement and the cable stress of the structure. The experimental verification
of the structural-safety-influencing factor analysis is shown in Figure 9. The intelligent
analysis method for the safety-influencing factors of prestressed steel structures based on
digital twinning and random forest that was formed in this study provides a basis for the
safety maintenance of the structure.

(a)

(b)

Figure 6. Mechanical parameters of twin model structure: (a) vertical displacement; and
(b) cable stress.
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Figure 7. Influence of various design parameters on various mechanical parameters.

(a)

(b)

Figure 8. Relationship between key design parameters and mechanical parameters: (a) relationship
between key design parameters and vertical displacement; (b) relationship between key design
parameters and cable stress.
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Table 6. Limits of mechanical parameters of structures.

Mechanical Parameter Specific Limits

Perpendicular displacement Less than 1/250 of structural span
Cable stress Less than 1/2.5 of allowable stress

Figure 9. Experimental verification of structural safety influence factor analysis.

5.4. Results Analysis

How to realize an intelligent safety performance analysis of long-span spatial struc-
tures is an important research direction. The traditional analysis method only simulates the
mechanical properties by the finite element method, which cannot accurately and efficiently
obtain the key factors that affect the structural safety performance. In this study, and on the
basis of the previous research and the application of DTs and RF, the intelligent analysis
of the safety-influencing factors of prestressed steel structures based on DTs and RF is
proposed. Taking the chord-supported beam roof of a convention and exhibition center as
the research object, the effectiveness of this method is verified. Firstly, the twin model of
the structure is established on the basis of the weighted average method. By comparing
the simulation value and the collected value of the internal force of the component, it is
verified that the twin model has high fidelity. The analysis model that is established in
this study, which is based on DTs, can effectively map the state of the test structure. On
the basis of the twin model, the mechanical parameters of the structure are obtained by
adjusting the different design parameters under load conditions. In the research process,
the correlation mechanism between the design parameters and the mechanical parameters
was established. The vertical displacement of the structure and the stress of the cable are
important indexes for measuring the safety performance of the structure. Driven by RF,
the key design factors that affect the two types of mechanical parameters are obtained.
Therefore, the intelligent analysis method that is formed in this study can provide a reliable
basis for the safety maintenance of the structure. At the same time, large-span spatial
structures are mostly used for buildings of high importance, such as large public buildings.
In the construction and operation of the structure, it is necessary to strictly ensure safety
and reliability. Therefore, the analysis of the structural safety factors is very necessary.
The establishment of a twin model can accurately reflect the state of the structure. This
method can predict the mechanical properties of the structure by setting the load conditions.
At the same time, RF is an important tool for data classification and analysis. Therefore,
the combination of the two improves the intelligence level of the structural analysis. The
combination of DTs and RF can accurately obtain the key factors, on the one hand, and can
accurately reflect the safety state of the structure, on the other hand. This research method
can assist with the formulation of structural safety maintenance measures.

6. Discussion and Conclusions

In this study, an intelligent analysis method for the safety-influencing factors of pre-
stressed steel structures based on DTs and RF is proposed. This method effectively improves
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the maintenance accuracy and efficiency of the structural safety state. The dynamic sim-
ulation of the structural safety state is realized by DTs, and the design parameters and
mechanical parameters of the structure are obtained. The importance analysis of the in-
fluencing factors of the structural safety is realized by RF. The intelligent analysis of the
influencing factors of the structural safety performance formed by the integration of RF and
RF was applied to the beam string structure, and the effectiveness of this research method
is verified. By analyzing the key factors that affect the structural mechanical parameters, a
reliable basis is provided for the safety maintenance of the structure. The main conclusions
are as follows:

(1) In the process of the safety intelligent analysis of prestressed steel structures, the
establishment of a high-precision twin model is the first step. The high-fidelity
mapping of the finite element model to the real structure can be realized by the
weighted average method. The resulting high-fidelity twin model can directly extract
the structural design parameters and their corresponding mechanical parameters;

(2) The twin model obtains the structural parameters. Driven by RF, an intelligent
analysis model of the structural-safety-influencing factors can be formed. The model
is divided into five modules, with full consideration to the virtual–real interaction
and the spatiotemporal evolution of the structural-safety-state changes;

(3) Driven by the intelligent analysis model, the correlation mechanism between the
design parameters and the mechanical parameters of the structure is formed. The
design parameters are the influencing factors of the structural safety. The safety
performance of the structure is reflected according to the mechanical parameters. The
key factors that affect the safety performance of the structure are obtained as the basis
for the formulation of safety maintenance measures.

In the process of the experimental verification of a beam string structure, it was proven
that the number of struts and the arc of the lower chord cable have the greatest influence
on the vertical displacement and the cable stress of the structure. Therefore, when the
mechanical parameters of the structure exceed the limit, the key factors can be corrected
to improve the safety performance of the structure. The research method provides a
basis for the safety, high precision and high efficiency maintenance of the structure. In
the future, the intelligence level of the structural safety maintenance will be improved
through the consideration of more realistic conditions. Under various load conditions,
the relationship between the design parameters and the mechanical parameters can be
quantitatively determined by correcting the key factors and by formulating efficient safety
maintenance measures.
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Abstract: High-strength steels (HSSs) with nominal yield stress not less than 460 MPa have been
increasingly employed in bridge structures. Compared with SM490 normal-strength steel (NSS),
HSSs, including SBHS500 and SM570, have higher strength but lower ductility, and brittle fracture
can easily occur in the HSSs members with notches. Therefore, 48 tension specimens with U-notch or
V-notch made of SBHS500, SM570 and SM490 structural steels are carried out. The influences of notch
depth, U-notch radius, V-notch degree and chemical composition on the mechanical and fracture
performances of the steel specimens are investigated. It is concluded from experimental results that
SBHS500 and SM570 HSSs with higher yield stress have a relatively higher elastic stress concentration
factor, crack initiation appears earlier, and brittle fracture is more likely to occur. Compared to SM570
HSS, SBHS500 HSS has better weldability.

Keywords: fracture performance; SBHS500; SM570; SM490; high strength steel; notch

1. Introduction

In engineering structures and components, notches are difficult to avoid, and some
notch-like geometries are necessary for structural design [1–3]. Notches produce stress
and strain concentration, then the stress state with high stress triaxiality, and these make
it easy for brittle fracture to occur [4–8]. U-notch and V-notch are the two main notch
types [9,10]. High-strength steel (HSS) usually refers to steels with nominal yield stress not
less than 460 MPa [11,12]. High yield stress might lead to poor plastic deformation capacity.
Accordingly, it is necessary to investigate the crack initiation, propagation and final failure
performances of notched HSS specimens, which is important to ensure the safety of HSS
structures with notches.

Great efforts have been put into fracture behavior of HSSs without notches in previous
studies [13–16]. These include Q460 [11], Q550 [16], Q690 [4,15,16], Q890 [16], ASTM
A572 [17], DP980 [18], ASTM A36 [19], ASTM A572 [19] and ASTM A992 [19] HSSs.
Additionally, for the Japanese bridge steel SM490 [20], the ductile fracture mechanism
of SM490 base metal, weld and heat affect zone was investigated for welded SM490
specimens in the reference [20], and a three-stage and two-parameter ductile fracture
model was proposed. Tension tests on U-notch and V-notch specimens with different
detailed geometries were carried out to investigate the ductile fracture behavior of SM490
steel [6]. An improved three-stage and two-parameter ductile fracture model was proposed
to accurately predict the ductile fracture behavior of specimens with notches by considering
the effect of stress triaxiality in the softening stage.
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In the past, SM490 steel was widely used in steel bridges in Japan. However, HSSs,
including SBHS500 and SM570, are employed in Japanese bridges in recent years to reduce
steel consumption by 10% [21,22] compared with SM490 steel because of their high yield
stress. In the previous study, the post-fire mechanical properties of SBHS500 HSS were
experimentally investigated [23]. Although HSS bridges have a significant advantage in
improving the bearing capacity of structures, the application of HSSs (including SBHS500
and SM570) in seismic structures is limited, owing to their relatively poor ductility com-
pared with that of normal strength steel (NSS). HSS bridges have several HSS members
with notches. This shortcoming of poor ductility limits the application of SBHS500 and
SM570 HSSs in seismic areas, especially for the HSS members with notches.

In this study, the fracture performances of notched steels are investigated for three
types of structural steels used in Japanese bridges, including SM490, SM570 and SBHS500,
in which SM570 and SBHS500 are HSSs standardized by the Japanese Industrial Standards
(JIS) Committee in the code JIS G 3140 [24], and SM490 is NSS standardized by JIS G
3106 [25]. Tension tests on U-notch and V-notch specimens with different detailed geome-
tries are carried out to study fracture performances of the steel specimens at different stress
triaxialities [6]. Crack initiating performances and crack initiation regions are identified.
Fracture surfaces of tested specimens are deeply analyzed. Moreover, effects of notch depth,
U-notch radius, V-notch degree and chemical composition on the yield stress and ultimate
stress of HSSs are investigated experimentally.

2. Experimental Program and Tested Specimens

Uniaxial tension tests were carried out to obtain the ductile fracture behavior of
SBHS500, SM570, and SM490 structural steels, using single-side notched flat bar specimens
made of these three types of steels, which consist of two series of notched specimens
with V-notch (abbreviated to VBS) and U-notch (abbreviated to UBS). In this experimental
investigation, uniaxial tension tests on flat bar specimens with various notches were
employed to investigate the dependence of ductile fracture behavior on stress triaxiality.
The geometric dimensions of VBS and UBS specimens tested are illustrated in Figure 1.
Different stress triaxialities are provided by changing the notch degree in VBS specimens
and the notch radius in UBS specimens [6]. For the VBS specimens, all of the specimens
have the same 3 mm notch depth, and four different notch degrees (30◦, 60◦, 90◦ and
120◦) are employed. Regarding the UBS specimens, all of the specimens have the same
5 mm notch depth, and four different notch radii (1 mm, 2 mm, 3 mm and 5 mm) are used.
Two specimens are allocated in each set and a total of 48 specimens were prepared for the
experimental tests. The actual flat bar thickness of VBS and UBS specimens are listed in
Table 1, and the photo of specimens is shown in Figure 2. Surface crack initiation behaviors
for all types of specimens were observed and recorded continuously by one high-speed
camera (Canon Inc., Tokyo, Japan). Though there are solutions, such as damage inspection
by magnetic dye penetrant or fractographic measurement, ductile crack initiation is defined
as the point when crack length extends to 1–2 mm according to visual or video camera
observation [20].

Table 1. Actual flat bar thickness of VBS and UBS specimens (Unit: mm) *.

VBS-V30-1 VBS-V30-2 VBS-V60-1 VBS-V60-2 VBS-V90-1 VBS-V90-2 VBS-V120-1 VBS-V120-2

SBHS500 12.18 12.20 12.20 12.13 12.15 12.15 12.13 12.20
SM570 12.13 12.30 12.33 12.13 12.13 12.15 12.15 12.13
SM490 12.05 12.00 12.05 12.08 12.00 12.00 12.03 12.00

UBS-R1-1 UBS-R1-2 UBS-R2-1 UBS-R2-2 UBS-R3-1 UBS-R3-2 UBS-R5-1 UBS-R5-2

SBHS500 12.40 12.08 12.20 12.15 12.18 12.20 12.18 12.10
SM570 12.23 12.13 12.20 12.15 12.15 12.23 12.23 12.18
SM490 12.03 12.03 12.00 12.03 12.05 12.00 12.03 12.00

* The value in this table is measured by a vernier caliper (±0.005 mm).
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(a) 

 
(b) 

Figure 1. Geometric dimensions of VBS and UBS specimens tested (Unit: mm): (a) VBS (V-notch)
specimens; (b) UBS (U-notch) specimens.

 
(a) (b) 

Figure 2. Photo of specimens: (a) VBS specimens; (b) UBS specimens.

All specimens were tested using a 500 kN MTS material testing machine (MTS, Min-
nesota, MN, USA) under displacement control, as shown in Figure 3a. The specimens were
loaded at a rate of 0.02 to 0.05 mm/s (nominal corresponding strain rate 1 × 10−4/s to
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2.5 × 10−4/s). The observed point displacements were measured using a contact Ω exten-
someter (TML, Tokyo, Japan) in a gauge length of 200 mm, as shown in Figure 3b. During
the testing, the load P and observed point displacement were measured and recorded by a
data logger (TDS-530, TML, Tokyo, Japan).

 

 

(a) (b) 

Figure 3. The test equipment: (a) MTS Material testing machine; (b) Ω extensometer.

3. Experimental Results and Discussions

3.1. Experimental Results

For comparison, Figure 4 shows the engineering stress-engineering strain curves
obtained from base metal specimens (non-notched flat bar specimens) made of SBHS500,
SM570, and SM490 structural steels, respectively, in which three tensile coupons of each
material (named as -C1, -C2, and -C3) are tested in this study. The engineering stress is
defined as the load divided by section area, and the engineering strain is defined as the
displacement from an extensometer divided by 200 mm. It can be observed that the three
tensile coupons’ engineering stress-engineering strain curves of each material, as shown
in Figure 4, are very close. The mechanical properties of SBHS500, SM570, and SM490
structural steels are listed in Table 2, in which the values are the average of results obtained
from three tensile coupons. For the SM570 and SM490 steels with obvious yield platform,
the yield stress is regarded as the stress when the material reaches yielding. Because the
SBHS500 HSS has no yield platform, 0.2% proof stress is regarded as the yield stress, where
0.2% proof stress is the engineering stress corresponding to the residual plastic strain level
of 0.2%. It is to be noted that the SBHS500 and SM570 HSSs have similar mechanical
properties, including elastic modulus, yield stress, ultimate stress, and elongation, although
SBHS500 HSS has no obvious yield platform, which exists in SM570 HSS. However, SM490
NSS has relatively low yield stress and relatively large elongation.
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Figure 4. Engineering stress–engineering strain curves of SBHS500, SM570, and SM490 struc-
tural steels.

Table 2. Mechanical properties of SBHS500, SM570 and SM490 structural steels.

E (GPa) 1 ν2 σy (MPa) 3 εy
4 σu (MPa) 5 δ (%) 6

SBHS500 208 ± 1.137 0.270 ± 0.020 578 ± 12.16 0.0020 ± 0.0000 675 ± 15.34 16.7 ± 0.01
SM570 216 ± 1.549 0.278 ± 0.009 597 ± 1.809 0.0028 ± 0.0013 674 ± 0.153 15.5 ± 0.04
SM490 213 ± 1.488 0.273 ± 0.009 388 ± 0.150 0.0018 ± 0.0057 546 ± 2.603 26.0 ± 1.30

1 E = Young’s modulus, 2 ν = Poisson’s ratio, 3 σy = yield stress, 4 εy = yield strain, 5 σu = ultimate stress,
6 δ = elongation.

The experimental load–displacement curves of VBS and UBS specimens made of
SBHS500, SM570 and SM490 structural steels are shown in Figure 5. It is evident from
Figure 5 that the load–displacement curves of the two specimens of the same type and
material are in agreement with each other, including elastic and plastic parts, although
softened and fractured parts of the two specimens of the same type and material have a
difference of less than 10%. Regarding UBS specimens, with the increase in U-notch radius,
ductile crack initiation occurs later. Figure 6 illustrates the strain-displacement curves
of VBS-V90 specimens made of SBHS500, SM570 and SM490 structural steels, where the
strain and displacement are directly obtained from a large strain gauge (YFLA-2, TML,
Tokyo, Japan) in Figure 7a and extensometer, respectively. The maximum strain that can
be measured by this large strain gauge is 20%. It can be observed from Figure 6 that the
notched specimens of SBHS500 HSS have a relatively larger strain rate compared to those
of SM570 and SM490 steels, so the notched specimens of SBHS500 HSS have a relatively
faster crack propagation speed.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 5. Load–displacement curves of VBS and UBS specimens made of various HSS materials:
(a) VBS specimens made of SBHS500; (b) UBS specimens made of SBHS500; (c) VBS specimens made
of SM570; (d) UBS specimens made of SM570; (e) VBS specimens made of SM490; (f) UBS specimens
made of SM490.
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Figure 6. Strain–displacement curves of various materials (VBS-V90 specimens).

   
(a) (b) (c) (d) 

Figure 7. Crack initiation, propagation and final fracture of Specimen UBS-R1-1: (a) Before crack
initiation; (b) crack initiation; (c) crack propagation; (d) final fracture.

The strain gauge was arranged at the position 5 mm away from the notch tip, as
shown in Figure 7a. When the displacement is about 1 mm, and the specimen is in the
elastic range, SM570 and SM490 specimens have the same strain increase rate; however, the
SBHS500 specimen has a relatively smaller strain increase rate. When the displacement is
4 mm, the strain of the SM490 NSS specimen is about 2%, and that of SM570 and SBHS500
HSS specimens is about 3%. It can be observed and obtained that the plastic deformation
capacity of SM570 and SBHS500 HSS specimens is relatively worse than that of SM490
specimens, and the inelastic strain of SM570 and SBHS500 HSS specimens concentrates
at the notch region of specimens. On the contrary, the SM490 NSS specimens with better
plastic deformation capacity have a greater gauged displacement. Therefore, a smaller
strain at the notch region can be observed in the SM490 NSS specimens compared to SM570
and SBHS500 HSS specimens.

Average elongation values of VBS and UBS specimens for ductile fracture tests are
listed in Table 3. Regarding the VBS specimens, it is evident that the elongation of the
specimen has no obvious relationship with the notch degree. For the UBS specimens, the
obvious relationship between the elongation and the notch radius is not observed except
for the specimens with a notch radius of 1 mm. However, the elongation of UBS specimens
is 2% greater than that of VBS specimens on average. The phenomenon’s reason is that the
stress triaxiality and inelastic strain concentration degree of VBS specimens are higher than
those of UBS specimens. It can be concluded from Table 3 and Figure 8 that the elongation
of SBHS500 HSS specimens is the smallest of all specimens made of three steel materials
in this study, and brittle fracture occurs in the SBHS500 HSS specimens. Additionally, the

169



Metals 2022, 12, 672

elongations of SM570 and SM490 specimens change more greatly along with the notch
shape change; however, the varied range of elongation of SBHS500 HSS specimens along
with the notch shape is fewer than that of SM570 and SM490 specimens.

Table 3. Average elongation value of VBS and UBS specimens for ductile fracture tests *.

SBHS500 SM570 SM490 SBHS500 SM570 SM490

VBS-V30 5.8 ± 0.01% 9.1 ± 0.07% 12.9 ± 0.45% UBS-R1 5.9 ± 0.30% 5.9 ± 0.19% 9.6 ± 0.01%
VBS-V60 6.7 ± 0.07% 7.5 ± 0.69% 11.7 ± 0.12% UBS-R2 6.1 ± 0.00% 6.5 ± 0.04% 10.5 ± 0.04%
VBS-V90 4.9 ± 0.00% 8.1 ± 1.51% 12.1 ± 0.15% UBS-R3 6.4 ± 0.09% 6.4 ± 0.30% 10.4 ± 0.00%
VBS-V120 6.9 ± 0.02% 7.3 ± 0.42% 12.9 ± 0.13% UBS-R5 6.6 ± 0.03% 6.9 ± 0.01% 10.5 ± 0.02%

* The value in this table is the average value of two specimens.

  
(a) (b) 

Figure 8. Average elongation value of VBS and UBS specimens for ductile fracture tests: (a) Average
elongation–V-notch radius relationship; (b) average elongation–U-notch radius relationship.

3.2. Crack Initiation

“Linear notch mechanics” proposed by Nishitani [26,27] is regarded as an engineering
method to evaluate the mechanical properties of members with the notch. The elastic stress
concentration factor is approximately defined as follows:

K = 1 + 2

√
d
R

(1)

where K is the elastic stress concentration factor, d is the notch depth, and R is the notch
radius. For the UBS specimens, when the notch radius is equal to 1 mm and 2 mm, the
crack initiation occurs before the ultimate loading point; when the displacement is equal to
3 mm and 5 mm, the crack initiation occurs after the ultimate loading point.

The parameters of UBS specimens calculated and obtained from tests are listed in
Table 4. It can be observed from Table 4 that the εcrack value of UBS specimens decreases
with the increase in the notch radius. Compared to the SM490 NSS specimens with better
plastic deformation capacity, the SBSH500 and SM570 HSS specimens with worse plastic
deformation capacity have smaller strain values at crack initiation (εcrack).
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Table 4. Parameters of UBS specimens calculated and obtained from tests.

UBS-R1 UBS-R2 UBS-R3 UBS-R5

d (mm) 2 5 5 5 5
R (mm) 3 1 2 3 5

K1 5.472 4.162 3.582 3.000

SBHS500
εcrack

4 0.0159 ± 0.0004 0.0198 ± 0.0002 0.0268 ± 0.0012 0.0377 ± 0.0004
εcrack/εy

5 7.950 9.900 13.400 18.850

SM570
εcrack 0.0125 ± 0.0010 0.0228 ± 0.0007 0.0282 ± 0.0041 0.0403 ± 0.0008

εcrack/εy 4.471 8.155 10.073 14.395

SM490
εcrack 0.0398 ± 0.0009 0.0573 ± 0.0018 0.0610 ± 0.0012 0.0705 ± 0.0016

εcrack/εy 22.111 31.833 33.889 39.167
1 K = stress concentration factor, 2 d = notch depth, 3 R = notch radius, 4 εcrack = average value of strain at crack
initiation for two specimens, 5 εy = yield strain of HSS.

The εcrack/εy-1/K relationship of the UBS specimens is shown in Figure 9. A linear
relationship is observed between the value of εcrack/εy and 1/K. With the increase of 1/K,
the εcrack/εy of three series of the specimens increases. The coefficient of determination of
these three curves is more than 0.9. Regarding the SBHS500 and SM570 HSSs specimens
with a high yield stress, with the decrease in notch radius, the elastic stress concentration
factor increases and the strain at crack initiation decreases. This fact might lead to a brittle
fracture occurring before the plastic deformation is fully employed.

 

ε
/ε

K

Figure 9. εcrack/εy-1/K relationship of UBS specimens.

3.3. Fracture Surface

It can be observed from tests that for VBS and UBS specimens, as shown in Figure 10,
cracking is induced by the growth and coalescence of numerous nucleated micro-voids
from the surface of the notch root region (Zone A), then propagation in a herringbone
pattern (Zone B), leading to final shear mode failure (Zone C) [20]. Zone A and Zone B are
coarse surfaces; Zone C is very smooth and along a local shear band oriented at an angle of
about 45◦ in relation to the tensile axis [12].
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(a) (b) (c) 

  
(d) (e) 

   

(f) (g) (h) 

Figure 10. Fracture surface of specimens: (a) UBS-R1 (SBHS500); (b) UBS-R1 (SM570); (c) UBS-R1
(SM490); (d) UBS-R3 (SBHS500); (e) UBS-R5 (SBHS500); (f) VBS-V30 (SM570); (g) VBS-V60 (SM570);
(h) VBS-V90 (SM570). Zone A: crack initiation region; Zone B: crack propagation region; Zone C:
shear zone.

It can be concluded from Figure 10a–c that the specimens made of SM490 with the
best plastic deformation capacity have the relatively larger crack initiation region and crack
propagation region; however, the specimens made of SBHS500 with the worst plastic defor-
mation capacity have the relatively smaller crack initiation region and crack propagation
region. It can be observed in Figure 10a,d,e that the crack initiation region greatly increases
with the increase in the U-notch radius. From Figure 10f–h, it can be observed that the
crack initiation region slightly increases with the increase in V-notch degree. Moreover,
there is obvious delamination in the failure surface of SBHS500 and SM570 HSS specimens.

3.4. Effect of Notch Depth

To investigate the effect of notch depth on fracture behavior, Figure 11 illustrates the
VBS test results of SM490 specimens with a notch depth of 3 mm in this study and those
of SM490 specimens with a notch depth of 6 mm in the reference [6]. Figure 12 shows the
UBS test results of SM490 specimens with a notch depth of 5 mm in this study and those of
SM490 specimens with a notch depth of 6 mm in the reference [6].

In this section, the yield and ultimate stresses are defined as the 0.2% proof stress and
the maximum stress during tests, respectively. When there is no obvious yield platform, the
yield stress can be defined as 0.2% proof stress [28]. In the VBS tests, as listed in Table 5, the
yield stress of VBS specimens with a notch depth of 3 mm in this study is 400 MPa; however,
that of VBS specimens with a notch depth of 6 mm in the previous study is 450 MPa. The
ultimate stress of VBS specimens with a notch depth of 3 mm and 6 mm is 550 MPa and
480 MPa, respectively. In other words, with the increase in notch depth, the yield stress
increases, but the ultimate stress decreases. The same phenomenon occurs in the UBS
specimens, as shown in Figure 12. The yield stress of UBS specimens with a notch depth of
6 mm is greater than that with a notch depth of 5 mm; however, the ultimate stress is the
opposite. The decent rate of a load of specimens in this study is not related to notch shape
and notch depth. The greater the notch depth, the earlier the crack initiation. A greater
notch depth might result in brittle fracture because the plastic deformation capacity cannot
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be fully employed. Therefore, a detailed notch geometry should be obtained in practical
engineering because a greater notch depth might lead to brittle fracture of members.

  
(a) (b) 

  
(c) (d) 

Figure 11. Effect of notch depth (VBS specimens made of SM490): (a) VBS-V30 specimens; (b) VBS-
V60 specimens; (c) VBS-V90 specimens; (d) VBS-V120 specimens.

Table 5. Effect of notch depth (UBS specimens made of SM490).

Depth σy (MPa) σu (MPa)

3 mm 400 550
6 mm 450 480

Because the tested specimens in this study are single-groove, the HSS material in the
notch region firstly reaches to yielding, as marked by the black circle in Figure 13a, and
then the full cross-section enters yielding. During this process, the neutral axis moves to the
side without the notch because the elastic modulus will decrease once the material enters
plastic. In this study, the yielding stress of specimens tested is regarded as the point that a
full cross-section enters plasticity because the yielding point of the notch region cannot be
determined easily.
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(a) (b) 

 
(c) 

Figure 12. Effect of notch depth (UBS specimens made of SM490): (a) UBS-R2 specimens; (b) UBS-R3
specimens; (c) UBS-R5 specimens.

3.5. Relationships between Detailed Notch Geometry with Yield and Ultimate Stresses

The relationships between detailed notch geometry (U-notch radius and V-notch
degree) with yield and ultimate stresses are shown in Figure 14. The yield and ultimate
stresses in Figure 14 are defined as the yield load and ultimate load divided by the notched
minimum sectional area, respectively. It can be observed that the yield stress has no obvious
relationship with the detailed notch geometry, including both the U-notch radius and V-
notch degree. The yield stress of VBS and UBS specimens is about 1.1 times greater than
that of base metal specimens. Similarly, the ultimate stress has no obvious relationship
with the detailed notch geometry. Accordingly, the effect of notch depth is higher than the
effects of notch degree or notch radius.
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(b) 

 
(a) (c) 

Figure 13. Effect of neutral axis change on yield stress: (a) UBS-R2 specimens; (b) before neutral axis
change; (c) after neutral axis change.

  
(a) (b) 

  
(c) (d) 

Figure 14. Effect of U-notch radius and V-notch degree: (a) Yield stress–U-notch radius relation-
ship; (b) yield stress–V-notch degree relationship; (c) ultimate stress–U-notch radius relationship;
(d) ultimate stress–V-notch degree relationship.
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3.6. Weldability

It is remarked that from the metallurgical point of view, both the grain sizes and
microstructural arrays of distinctive materials and alloys have important roles in the
resulting material’s properties (e.g., mechanical and corrosion behaviors), as previously
reported [29–36]. In this study, the weldability of these steels is studied based on the
chemical composition.

Table 6 lists the chemical compositions of HSSs in this study, including SM570 and
SBHS500, from HSS manufacturers. The chemical composition of SM490 NSS is not pro-
vided by the manufacturer. As shown in Table 6, C, Si, Mn, P, and S are the main five
compositions, in which C, Si and Mn play an important role in the control of mechanical
and impact properties, and P and S are impurities. Except for these five compositions,
other compositions can be added to HSS materials to improve impact properties or to refine
particle size. Generally, increasing C content can lead to an increase in yield and ultimate
stresses. In this study, SBHS500 and SM570 HSSs have almost the same ultimate stress;
however, the yield stress of SM570 is greater than that of SBHS500 because the C content of
SM570 HSS is 0.02% higher than that of SBHS500. Adding the composition of Cr can result
in improving the corrosion, oxidation, and abrasion resistance; adding the Cr content has
no effect on the mechanical properties of HSS. The carbon equivalent value Ceq and the
welding crack sensitivity index PCM, which is a weldability index, are defined as follows:

Ceq = C +
Mn

6
+

Si
24

+
Ni
40

+
Cr
5

+
Mo
4

(2)

PCM = C +
Mn
20

+
Si
30

+
Cu
20

+
Ni
60

+
Cr
20

+
Mo
15

+
V
10

+ 5B (3)

Table 6. Chemical composition of SM570 and SBHS500 (%).

B N C Si Mn P S Cu Ni Cr Mo Nb V

SM570 0.0012 0.0160 0.1200 0.2100 1.6000 0.0110 0.0020 0.010 0.020 0.010 0.000 0.020 0.060
SBHS500 0.0010 0.0153 0.1000 0.2200 1.5300 0.0090 0.0020 0.010 0.010 0.140 0.000 0.023 0.060

Table 7 lists the calculated values of Ceq and PCM in Equations (2) and (3). It is
illustrated that the Ceq value of SBHS500 is equal to that of SM570; however, the PCM
value of SBHS500 is 0.02% less than that of SM570. Therefore, the preheating of welding
of SBHS500 specimens or members can be carried out at a relatively low temperature,
the crack due to heating during welding is not easy to occur, and SBHS500 specimens or
members have better weldability.

Table 7. Calculated values of PCM and Ceq.

PCM Ceq

SM570 0.220 0.402
SBHS500 0.203 0.397

4. Conclusions

The ductile fracture performances of two types of HSSs, including SBHS500 and
SM570, and an NSS SM490 are investigated by a series of V-notch and U-notch fracture tests.
Four various V-notch degrees and four U-notch radii are employed to create different stress
triaxialities. A total of 48 specimens are tested. The following conclusions can be obtained:

(1) For the three structural steels, with the decreases of the degree of V-notch or radius of
U-notch, both the ductile crack initiation point and drop in the load–displacement
responses of VBS and UBS specimens appear earlier;
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(2) The elongation of specimens made of SM490 and SM570 vary greatly along with the
notch shape change; however, the elongation changes of specimens made of SBHS500
along with the notch shape change is relatively small;

(3) NSS SM490 is the structural steel with the best plastic deformation capacity in the
three structural steels of this study. SBHS500 and SM570 HSSs have the worse plastic
deformation capacity because of their higher yield stress;

(4) SBHS500 and SM570 HSSs with higher yield stress have a relatively higher elastic
stress concentration factor, the crack initiation appears earlier, and the brittle fracture
is more likely to occur;

(5) Compared to SM570 HSS, SBHS500 HSS has a lower PCM and better weldability.
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Abstract: Similarity laws of scaled models of offshore platform deck structures under low velocity
impact loading are proposed in the present research. The similarity laws of scaled models with
different scaling factors are established in forms of dimensionless factors with consideration of flow
stress differences of the materials. A dimensionless displacement is defined by dividing displacement
by plate thickness and a dimensionless force is defined by dividing force by flow stress and plate
thickness; then, a dimensionless force-displacement relationship is established. Dynamic responses
of three geometrically similar stiffened structures with scaling factors of 1:4, 1:2, and 1:1 subjected to
the dropping impact of a rigid triangular pyramidic impactor are investigated by an experimental
test and a finite element analysis. Results show that dimensionless force-displacement curves of
geometrically similar plates coincide with each other; meanwhile, the difference of maximum impact
force for the three structures with various scaling factors is less than 5%, and the difference of
maximum impact depth is less than 1%, which definitely show the effectiveness of the scaling laws
based on dimensionless factors. The present research provides useful insight into the similarity laws
of dynamic responses of deck structures subjected to falling object impact and would be used in the
crashworthiness research and design process of the offshore structures.

Keywords: offshore structure; falling object collision; similarity law; scaled test; finite element analysis

1. Introduction

Low velocity impacts of ships and offshore structures, including collision and ground-
ing, floating object collision and falling object impact, are prone to catastrophic disasters.
Thus, researchers worldwide pay particular attention to investigations of ship structure
collisions, as plenty of useful conclusions have been obtained by analytical investigations,
numerical research and experimental tests [1,2]. Among these investigations, important
factors such as impact load, stress distribution, damage initiation and propagation would
be obtained by experimental research; furthermore, experimental test results provide
benchmark studies for numerical simulations and analytical research. Thus, experimental
methods play an irreplaceable role in collision research.

A small-scaled model test has been mainly adopted in ship collision research for the
purpose of reducing difficulty and economic consumption [3,4]. One of the most important
factors is to establish the similarity laws between the scaled model and the prototype.
Jones [5] proposed the similarity law to transfer the scaling model impact test results into
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the prototype impact results. Calle [6] proposed a scaling law with consideration of material
yield, material strain hardening, damage initiation and strain rate effect.

The above-mentioned research provides support for the extension of scale model
test results to full-scaled prototypes for ship collisions. However, the research mentioned
above mainly focuses on collisions of ship side structures, and few investigations have
been proposed on research of deck structures under the impact of dropping objects; thus,
similarity laws of structure models with different scaling factors should be considered. The
present research conducts tests on similarity laws of scaled models of an offshore platform
deck structure under low velocity impact of dropping objects. The first step is to propose the
similarity laws between a small-scaled model and a full-scaled prototype, and to introduce
a couple of dimensionless factors; the following step is to establish three geometrically
similar stiffened plate structures with different scaling factors; then, experimental and
numerical simulation research on low velocity impact has been completed and the last step
is to analyze the experimental and numerical results with the dimensionless factors. Finally,
the similarity laws are verified.

2. Similarity Laws

Generally, a dynamic impact test is conducted on a geometrically similar small-scaled
model to obtain dynamic responses with consideration of economical consumption. In this
series of research, a prototype means a model which is the same as the stiffened plate of a
real offshore structure; they have the same length, width, the same shell thickness, the same
stiffeners and the same stiffener spaces. Meanwhile, the scaled model is geometrically simi-
lar to the prototype, whereas they are of the same shape but a different size. Furthermore,
the scaled models and the prototype are usually manufactured with the same material and
the same fabrication method.

Thus, the first priority is to establish scaling principles between scaled model and
prototype. For a full-scaled prototype model and the corresponding geometrically similar
small-scaled model, the relationships between the characteristics of the scaled model and
the prototype are established by using the scaling factor [5]. The scaling factor β between
the geometrically similar small-scaled model and the full-scaled prototype is defined as:

β = Ls/Lp (1)

where LS means length of the scaled structure and Lp means length of the full-scaled
prototype. As well, in a low velocity impact scenario the impact displacement, shell
thickness, impact force and energy absorption follow the following scaling principle:

Δs : Δp = β : 1 (2)

ts : tp = β : 1 (3)

Fs : Fp = β2 : 1 (4)

Es : Ep = β3 : 1 (5)

These similarity laws were established under the assumption that the small-scaled
model and the full-scaled prototype were fabricated by the same material with the same
values of mass density (ρ), elastic module (E), Poisson’s ratio (μ), yield strength (σs) and
ultimate strength (σb). However, experimental test results show that yield strength and
ultimate strength of the plates with different thicknesses are slightly different in many
cases. Thus, the influence of the differences of yield strength should be considered in the
scaling laws. Previous experimental and theoretical studies show that the impact force is
proportional to the flow stress of the materials [4,7]:

F ∝ σ0 (6)
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where (σ0) = (σs + σb)/2 means the flow stress of the materials, and which equals to the
average value of yield stress and ultimate strength. Thus, the influence of the differences
of flow stress should also be considered in the scaling law; an effective way is to establish
a couple of dimensionless factors. A dimensionless displacement is defined by dividing
displacement by shell thickness and a dimensionless impact force is defined by dividing
force by flow stress and shell thickness:⎧⎨⎩ Δs =

Δs
ts

, Δp =
Δp
tp

Fs =
Fs

(σ0)s · t2
s
, Fp =

Fp

(σ0)p · t2
p

(7)

In the same way, the dimensionless energy absorption is also defined as:⎧⎨⎩ Es =
Es

(σ0)s · t2
s · ts

= Es
(σ0)s · t3

s

Ep =
Ep

(σ0)p · t2
p · tp

=
Ep

(σ0)p · t3
p

(8)

In Equations (1)–(8), the symbols with subscript “s” represent the physical quantity
of the small-scaled model, whereas the symbols with subscript “p” represent the physical
quantity of the full-scaled prototype; the same as below, as shown in Table 1. Theoretically,
the dimensionless impact force and energy absorption of the scaled model should be equal
to those of the full-scaled prototype under the same dimensionless displacement. In another
way, the dimensionless force-displacement curves and dimensionless energy absorption
curves of models with different scaling factors should be the same shape.

Table 1. Meaning of the symbols of small-scaled model and full-scaled prototype.

Small-Scaled Model Full-Scaled Prototype

Length Ls Lp
Shell thickness ts tp
Displacement Δs Δp
Impact force Fs Fp

Energy absorption Es Ep
Flow stress of material (σ0)s (σ0)p

Dimensionless displacement Δs Δp
Dimensionless impact force Fs Fp

Dimensionless energy absorption Es Ep

3. Materials and Methods

Three types of geometrically similar stiffened plate models with different scaling
factors were designed, an impact tower for drop weight impact was established, and
an FEA (finite element analysis) of the dynamic impact scenarios was conducted for
further investigations.

3.1. Specimens

Rectangular stiffened steel plates, which were derived from the deck structure of
an offshore platform, were conducted in the present research. Three similar specimens,
including two small-scaled models with a 1:4 and a 1:2 scaling factor, and one full-scaled
prototype, were proposed. As shown in Figures 1 and 2, three geometrically similar speci-
mens were stiffened by three uniformly distributed L-shaped stiffeners. The thicknesses of
the plates were 3.9 mm, 7.8 mm and 15.6 mm, respectively.

Since the sharp edge of the dropping container would cause deck damage in case of
falling, a rigid triangular pyramidic impactor derived from a container was conducted
with the length of the edge “L” equal to 200 mm, as shown in Figure 3. The impactor was
fabricated with abrasive steel, and a heat treatment process ensured its surface hardness.
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Figure 1. Geometric configurations of the geometrically similar stiffened plates (unit: mm):
(a) 1:4 scaled; (b) 1:2 scaled; (c) full-scaled (“L” means that the stiffeners are angle steel with “L”
shaped cross-section, “t” means thickness of the plate).

Figure 2. Photographs of the specimens (unit: mm): (a) 1:4 scaled model; (b) 1:2 scaled model;
(c) full-scaled prototype.

Figure 3. TEU (Twenty feet Equivalent Unit) container and the triangular pyramidic impactor.

3.2. Experimental Set-Up

The low velocity impact was carried out by the weight drop impact test tower. As
shown in Figure 4, the test specimen was located at the bottom of the tower. In order to
prevent the specimen from bounding or sliding away, the specimen was clamped by a dozen
of bolts located around the stiffened plate during the impact process. The impactor was
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guided by two vertical rails and consisted of three parts: an impactor, a force transducer and
the mass. During the impact process, the initial impact energy was achieved by adjusting
the drop height and the mass property of the impactor; contact force versus time history
could be achieved by the piezo-electric force transducer connected to the impactor under a
sampling frequency of 40 kHz. The vertical displacement of the impactor was tested by the
laser displacement transducer, and furthermore, the initial impact velocity was calculated
by the differential of displacement. Then, energy absorption during the impact procedure
could be calculated by trapezoidal numerical integration of the force–displacement curve.
The piezo-electric force transducer, with a code number of L1100–909543, was fabricated
by Xiyuan Electronic Technology Co., Ltd, Yangzhou, China. The laser displacement
transducer, with a code number of HG–C 1400, was fabricated by Panasonic Co., Ltd,
Kasugai, Japan.

Figure 4. Weight drop impact test tower.

3.3. Finite Element Method

For the numerical simulation of low velocity impact, the commercial package ABAQUS/
Explicit with a non-linear explicit algorithm was implemented. As shown in Figure 5, the
numerical model consisted of two parts, the impactor and the specimen. The triangular
pyramidic impactor was modeled as a rigid body, and a concentrated mass point was
defined to simulate the mass of the impactor. The specimens with different scaling factors
were modeled by shell model. Marinatos [8] suggested that the aspect ratio of the elements
was kept as close as possible to 1:1, and le/t ≤ 1 (where le means the element size, and
t means the shell thickness) led to better reproduction of the experimental results; thus,
S4R elements (4-node doubly curved shell reduced integration elements) with sizes of
4 mm, 8 mm and 16 mm were used to discretize the specimens in the 1:4 scaled model,
the 1:2 scaled model and the full-scaled prototype, respectively. In the numerical models,
an automatic surface to surface contact strategy provided by ABAQUS/Explicit (Version
6.11, created by Dassault System, permission from Huazhong University of Science and
Techonolgy, Wuhan, China) was selected to simulate the contact problem. The friction coef-
ficient was set to 0.3 for the tangential contact surfaces, which was proven to be efficient to
match with the experimental results in previous studies [9,10]. Boundaries of the stiffened
plate were modeled as fully clamped, whereas the freedom of the pyramidic impactor was
restricted except in the vertical impact direction. Furthermore, a predefined field built into
the software was adopted to define the initial impact velocity of the impactor.

The built-in ductile damage model built into the ABAQUS software was employed
to characterize the mild steel material. Tensile tests were conducted under the guidance
of GB/T 228-2002, a metallic materials–tensile test at ambient temperature. The uniaxial
tensile tests were implemented by a universal tension test machine with a code number
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of WAW–600 E, fabricated by Chuance Test Machine Co., Ltd, Jinan, China. A dog-bone
specimen shown in Figure 6 was cut down from the plate by wire electrical discharge,
and uniaxial tensile curves of the specimens were carried out by the universal tension test
machine under a tension velocity of 3 mm/min.

Figure 5. The finite element model of low velocity impact (the red arrows mean that the freedoms of
the boundary in three directions have been fixed).

Figure 6. Quasi-static tensile test of the steel plates: (a) tensile test machine; (b) geometric configura-
tions of the tensile specimen; (c) photograph of the tensile test specimen.

Based on the tensile test results, a combined material relationship was adopted to
express the true stress-strain curves. The true stress-strain relationship before necking was
proposed as follows:

εt = ln(1 + εn), σt = σn(1 + εn) (9)

where εn and σn represent the nominal strain and nominal stress, respectively, and εt and
σt represent the true strain and true stress, respectively. Since fracture strain defined in the
finite element software was larger than that obtained by the tensile test, the true stress-strain
relationship σt − εt beyond necking was expressed by using upper power law and lower
power law [11]:

σt = σ0
t

[
0.5 ×

(
1 + εt − ε0

t

)
+ 0.5 ×

(
εt/ε0

t

)ε0
t
]

(10)

where σ0
t and ε0

t represent the true stress and true strain at the necking point [10]. Nominal
stress-strain curves and true stress strain curves of the plates with different thicknesses are
shown in Figure 7. Then, the material properties of the steel were defined in the ABAQUS
software. The elastic module of the steel is defined as 210 GPa, a density of 7800 kg/m3

and a Poisson’s ratio of 0.3, and plastic behaviors of the steel were defined by the curves in
Figure 7.

184



Metals 2022, 12, 657

Figure 7. Stress-strain curves of the plates.

A ductile failure criterion built into the ABAQUS software, which simulated the
damage initiation and propagation of the ductile mild steel with acceptable accuracy [12,13],
was adopted to simulate failure behavior. In this criterion, damage initiation and evolution
were determined by an indicator, which was a function of the equivalent plastic strain and
stress triaxiality. Once damage initiation occurred at a certain point, the material stiffness
degradation occurred at that point correspondingly. When the stiffness degradation reached
a critical value, the material point was assumed to fail, and the corresponding element
was deleted. In the low velocity impact scenarios, such as ship collision and falling object
impact, the impact velocity was far lower than the wave speed in the mild steel, and the
strain rate effect slightly affected the dynamic responses. Thus, the strain rate effect was
neglected in the numerical simulation of the impact process [10,14].

4. Results and Discussion

In terms of the impact force response and the deformation mode, the numerical simula-
tion results match well with the experimental results. In both the experimental test and the
numerical simulation, the initial impact energy was adjusted by adjusting the mass prop-
erty and the impact velocity; details were listed in Table 2. As shown in Figures 8 and 9,
the plates were torn by the sharp rigid impactor and the deformed shape was similar to
the shape of the impactor. Due to the sharp corner of the rigid impactor, firstly, the plates
underwent a premature fracture, then were torn with three cracks. Due to the strengthening
effect of the stiffener, the damage area was located between two stiffeners next to the impact
point, and the stiffeners did not suffer obvious plastic deformation. Figure 10 presents the
impact force-displacement curves, and the numerical simulation results match well with
the experimental test results. As the impactor fell, the impact force raised rapidly until the
premature fracturing of the plate; then, the force raised with the tearing of the plate; at the
last step, the impact rebounded due to the elastic energy of the stiffened plate.

Table 2. Impact velocity and energy in impact test.

Scaling Factor Mass (kg) Impact Velocity (m/s) Initial Impact Energy (J)

1:4 362.2 5.00 4528
1:2 502.2 8.75 19,224
1:1 795.0 11.30 50,757

The similarity rules were verified by comparing dimensionless force-displacement
relationships of models with different scaling factors. Yield stress, ultimate stress and
flow stress of the plates with different thicknesses were listed in Table 3; thus, the curves
shown in Figure 10 were converted to non-dimensional forms by the Equation (7), and the
non-dimensional curves were shown in Figure 11. Since agreement between the FEA results
and the impact test results were achieved in Figure 10, only the simulation results were
listed in Figure 11 for the purpose of clear and concise expression. It was shown that the
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three curves coincide with each other perfectly; the maximum impact displacement and the
residual plastic deformation significantly decreased with an increase in the scaling factor.
The main reason for the differences was that the 1:2 scaled model and full-scaled prototype
underwent a relatively “low energy impact” compared with the 1:4 scaled model. For
the 1:4 scaled model, 1:2 scaled model and full-scaled prototype, the initial dimensionless
impact energy, which were calculated by Equation (8), were 124.1, 73.7 and 26.4, respectively.
The main reason for adopting a relatively “low energy impact” for the 1:2 scaled model
and the prototype was that the impact tower cannot withstand such a high energy impact
test. For instance, the initial energy should be set to 2.38 MJ for the full-scaled prototype
under a dimensionless initial energy of 124.1.

Figure 8. Damage mode of the three specimens in the impact test (unit: mm): (a) 1:4 scaled;
(b) 1:2 scaled; (c) full-scaled.

Figure 9. Damage mode of the three specimens in the numerical simulation: (a) 1:4 scaled;
(b) 1:2 scaled; (c) full-scaled.
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Figure 10. Comparison of impact force-displacement relationships.

Table 3. Necessary stress of the materials gained by a tensile test (unit: MPa).

Shell Thickness Yield Strength Ultimate Strength Flow Stress

3.9 mm 473 758 615
7.8 mm 433 667 550

15.6 mm 376 635 506

Figure 11. Comparison of the dimensionless force-displacement curves.

For further investigation, high energy impact scenarios with the same dimensionless
initial energy were carried out by the FEA, and agreement was achieved. In the numerical
models, the dimensionless initial impact energy was set to 124.1 under the same impact
velocity of 5 m/s, which means that the mass property of the impactor was adjusted to
fulfill the demands of the initial impact energy. More details in the finite element model
were listed in Table 4. The calculated results of dimensionless force-displacement curves
were shown in Figure 12; there were slight fluctuations in the curves mainly due to elastic
waves in the structure and the element deletion strategy adopted in the finite element
model. To avoid unexpected distortion of the elements, the failed elements were deleted
during the simulation process. Thus, a slight drop–down of the impact force occurred as
soon as an element was deleted. Except for the slight fluctuations, the three curves almost
coincided with each other perfectly, which verified the correctness and effectiveness of the
similarity laws.
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Table 4. Mass property, impact velocity and energy in finite element analysis.

Scaling
Factor

Mass (kg) Impact Velocity (m/s) Initial Impact Energy (J) Initial Dimensionless Energy

1:4 362.2 5.00 4528 124.1
1:2 2591.4 5.00 32,393 124.1
1:1 19,072.3 5.00 2,384,038 124.1

Figure 12. Comparison of dimensionless force-displacement curves under the same dimensionless
impact energy.

5. Conclusions

Similarity laws of scaled models of offshore platform deck structures under low
velocity impact of dropping objects were conducted in the present research. The similarity
laws of scaled models with different scaling factors were proposed. The dynamic responses
of three geometrically similar stiffened structures with scaling factors of 1:4, 1:2, and
1:1 under the dropping impact of a triangular pyramidic impactor were investigated by
experimental and numerical methods, and the useful conclusions are listed below:

(1) Similarity laws between scaled models and prototypes of stiffened structures under
low velocity impact were established, in forms of dimensionless factors including
dimensionless force and displacement, with consideration of flow stress of the differ-
ent plates.

(2) Finite element results and experimental tests show that the dimensionless force–
displacement curves of different models match well, which show the effectiveness of
the similarity law.

(3) Stiffened plates of an offshore platform deck would suffer a premature fracture under
the impact of a sharp triangular pyramidic impactor; the structure could still withstand
impact energy absorption after fracture initiation due to tearing of the plate.

The present research provides useful insight into the similarity laws of dynamic
responses of deck structures subjected to falling object impact, and were used in the
crashworthiness research of offshore structures.
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Abstract: This study is aimed at the fact that material allocation and construction progress cannot be
intelligently controlled in the construction of prestressed steel structures. An intelligent planning
method of a material-allocation path for prestressed steel-structure construction, based on digital
twins (DTs), is proposed. Firstly, the characteristics of material allocation in the process of structural
construction are analyzed, and a five-dimensional integrated DT framework for intelligent path-
planning is built. Driven by the DT framework, the progress and environmental information of
the construction site are collected in real time. At the same time, the field working conditions
are dynamically simulated in the virtual model, so as to realize the interactive mapping between
physical space and virtual space. In each construction process, by integrating the progress of each
process at each construction location, and the storage and allocation of materials, a multidimensional
model for the intelligent planning of material allocation is formed. The information fusion of virtual
and real space is carried out using an entropy method to analyze the construction buffer time and
material allocation time at each location of the construction site. On this basis, combined with the
Dijkstra algorithm, the transportation time associated with the path is calculated according to the field
distribution of each location. A feasibility analysis is carried out in the virtual model and imported
into the field dynamic-marking system. Combined with radio frequency technology to guide material
allocation on site, the intelligent planning of the material-allocation path is realized. In this study,
taking the construction of the National Speed Skating Pavilion of the 2022 Beijing Winter Olympics
as an example, the DT technology and Dijkstra algorithm are applied to the intelligent planning of
the material-allocation path. It is fully verified that the intelligent method can effectively coordinate
the relationship between schedule control and material allocation.

Keywords: digital twin; Dijkstra algorithm; prestressed steel structure; material allocation; intelligent
planning; construction management

1. Introduction

With the continuous improvement of construction technology, large-span spatial
structures, which are composed of various forms of string beams, cable domes and cable-
membrane structures, have been widely used [1]. To cope with the future labor shortage, it
is necessary to achieve intelligent management of large stadium construction, so as to en-
able a less-manned or unmanned construction site. However, due to the large construction
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volume of prestressed steel structures, it is difficult to intelligently control the construction
elements. Currently, the method of integrating multiple elements of construction, establish-
ing a data coordination mechanism, and forming an intelligent construction management
mode has become a research hotspot in engineering management [2,3]. This area has at-
tracted the engagement of many experts and scholars in the construction industry. Through
efficient management of the construction process, the energy consumption of a project is
reduced [4].

Goh et al. [5] conducted a detailed simulation study on modular construction oper-
ations. By applying lean production theory, cycle time and process time can be reduced,
and process efficiency and labor productivity can be improved. In view of the lack of
a unified and transparent quality-information management system in the construction
process, Sheng et al. [6] developed a framework based on blockchain to manage quality
information. The proposed framework can disperse the management of quality informa-
tion, so as to realize consistent and safe quality-information management. Moon et al. [7]
adapted sensor-based smart insoles to monitor the frequent workload of building materials
on construction sites, and concluded that foot pressure during walking could be used to
estimate the weight of building materials currently owned by workers. On the basis of
work breakdown structure (WBS) and Bayesian Network, You et al. [8] considered the
time-sequence relationship and resource constraint conditions between each unit of WBS,
and established the critical chain project management Bayesian network model (CCPMBN)
with examples. Zhang et al. [9] studied and proposed the integration technology of Build-
ing Information Modeling (BIM) and 3D Geographic Information System (3DGIS). This
study solved the problems of data sharing and mining utilization among different stages of
design, construction, and management, and realized functions from 3DGIS visualization,
roaming, and 3D space analysis, to BIM construction management, construction dynamic
simulation, and construction schedule overview.

In the aforementioned studies, a series of analysis methods for construction manage-
ment are proposed and applied in engineering. However, some shortcomings still exist:
(1) It is impossible to achieve a virtual–real interaction on the construction site, and to
visually guide the construction process from the perspective of virtual space; (2) there
is no integration of construction progress, materials and other information elements for
comprehensive management, resulting in insufficient intelligence of construction process
management. With the development of new-generation information technology and the
promotion of industrial information systems, the application of information technology to
engineering construction has become a research hotspot [10]. The application of the digital
twins (DTs) concept in engineering practice can significantly improve the accuracy and in-
telligence of structural performance analysis. At the same time, in the construction process,
intelligent algorithms are integrated for data analysis and processing to improve the accu-
racy and efficiency of management [11]. DTs and intelligent algorithms have been widely
used in engineering; the integration of the two provides a reference for the improvement of
the intelligent level of the construction industry, especially the construction process.

DTs is a technology that makes full use of models, data, and intelligence, and integrates
multiple disciplines. It is a digital way to establish a dynamic virtual model of physical
entities with multi-dimensional, multi-temporal scales, as well as multi-disciplinary and
multi-physical measures to simulate and characterize the properties, behaviors and rules
of physical entities in the real environment. It has begun to be applied to intelligent
manufacturing, intelligent factories, Smart cities and other fields [12]. Liu et al. [13] pro-
posed a real-time data-driven online prediction method for the operation state of a DTs
workshop. They realized the online prediction of the workshop based on continuous
transient simulation by integrating real-time data. Dong et al. [14] proposed five key
modeling and simulation technologies for DTs in aircraft structure for fatigue-life man-
agement, and realized the interactive mapping between physical space and virtual space.
This study provided a reference for the systematic research and engineering application
of DTs for aircraft structures. Lee [15] proposed a time machine method for DT design
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and implementation, using historical data in the whole process of integrating DTs with
a network physics system. This provides a reference for the research and engineering
application of a DT system for aircraft structure. In order to monitor the health status of
proton-exchange-membrane fuel cells during operation. Meraghni et al. [16] applied DTs
as an intelligent manufacturing technology to establish a set of overall residual service-life
prediction systems, and achieved high prediction accuracy. Gopalakrishnan et al. [17]
pointed out that manufacturing needs digital transformation, and created a model-based
feature information network (MFIN) based on DTs, which realized the digital description
of components or systems. Thus, compared to manufacturing, DTs is relatively less used
in the construction industry. For the intelligent transformation and upgrading of the con-
struction industry, intelligent algorithms could also be integrated, driven by DTs [18] to
achieve closed-loop control of the construction process. In recent years, many scholars in
the construction industry have begun to apply intelligent algorithms to solving problems
in civil engineering. Intelligent algorithms can extract high-level features from the original
data for perceptual decision making, and improve the objectivity and accuracy of infor-
mation analysis. In order to solve the problem of structural health monitoring and find
suitable structural damage identification features, Li et al. [19] used a convolutional neural
network to extract structural features and identify damage, which proved the advantages
of the convolutional neural network in automatic feature extraction. In order to accurately
identify the damage to concrete structures, Xu et al. [20] used acoustic emission technology
to monitor the four-point bending failure test of reinforced concrete beams. Moreover, they
established a deep belief network (DBN) to train an acoustic emission signal sample set, to
improve the accuracy of structural damage identification. Solhmirzaei et al. [21] proposed
a data-driven machine learning (ML) framework for predicting failure modes and the shear
capacity of ultra-high-performance concrete (UHPC) beams. This framework can identify
the failure mode of UHPC beams and simplify the expression used to predict their shear
capacity. Valipour et al. [22] used F-ANP to effectively obtain the coupling relationship
between the highway PPP project risk factors, which improved the capability of project
risk management. Liu et al. [23] used the Dijkstra algorithm to plan an evacuation path,
and proposed a DT-driven dynamic guidance method for fire evacuation. This study real-
ized the functions of real-time collection of environmental information, three-dimensional
visualization of indoor layout, fire alarm, indoor personnel positioning and evacuation
path planning. In addition, the planning algorithm provides new ideas and tools for data
analysis and prediction [24]. Therefore, the combination of a planning algorithm and
DTs in the construction process can significantly improve the accuracy and efficiency of
engineering management.

Intelligent control of the building structure construction process has become a research
hotspot in the construction industry. Combining DTs and intelligent algorithms, this paper
puts forward the intelligent planning method of a construction-material-allocation path for
a prestressed steel structure. In this study, firstly, the characteristics of material allocation
for prestressed steel-structure construction are summarized. Based on this, a DT framework
for the intelligent planning of a material-allocation path for a prestressed steel-structure
construction is built, to realize the comprehensive control of material and progress. Driven
by the twin framework, from the perspective of virtual–real interaction, a virtual–real
interaction model for path intelligent planning is created, and twin data are formed using
the entropy method. The Dijkstra algorithm is used to process the twin data, and the
optimized path is imported into the dynamic identification system of the construction
site. The ‘one thing and one code’ of the material are realized using radio frequency
technology to guide the material allocation on the site. Based on the above theoretical
method, this study takes emergency material allocation in the construction of the 2022
Beijing Winter Olympics National Speed Skating Hall as an example of practical application.
The effectiveness of this method is preliminarily verified using practical application.
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2. DT-Driven Intelligent Planning Framework for Material-Allocation Paths

In view of the characteristics of material allocation in the construction process of
prestressed steel structures, how to effectively control the relationship between construc-
tion progress and material allocation has become an important scientific research topic
and engineering practice in construction management [25,26]. Driven by the concept of
DTs, through the integration of physical field construction and virtual model simulation,
a framework for intelligent planning of a material-allocation path is built, so as to carry out
construction management accurately and efficiently.

2.1. Characteristics of Material Allocation for Structural Construction

Prestressed steel structures [27] have been increasingly applied in large public build-
ings due to their advantages of large space, reasonable force, diversified structural forms,
and fast construction speed. Therefore, in the construction of prestressed steel structures,
some attributes are provided by the large construction volume:

(1) Linkage: In the process of structural construction, many construction elements such as
‘human, machine, material, method, and environment’ are involved, and each ele-
ment is integrated across fields and multi-services, forming a linkage construction
system. A change in one construction element, will cause a response from the whole
construction system.

(2) Complexity: In the process of construction management, to realize the macro control
of the whole process, it is necessary to sort out the relationship between progress,
quality, cost, and safety, especially the coordination between material allocation and
construction progress. In addition, the large construction volume of prestressed steel
structures and the variety of materials required undoubtedly increase the complexity
of construction management.

(3) Diversity: Most of the construction of prestressed steel structures is located in com-
plicated construction sites, accompanied by multiple allocation paths of construction
materials, and faced with the problem of selecting the most appropriate allocation
path efficiently and accurately.

In order to ensure that each construction link can have sufficient construction buffer
time and avoid the phenomenon of running out of work, this study proposes the use of
DT technology to reasonably plan the allocation path of materials. Thus, the coordination
between construction progress and material allocation time is realized.

2.2. The DT Framework of Intelligent Path Planning

According to the characteristics of material allocation in the construction process, it
is necessary to establish a DT model for the real-time optimization of schedule control
and material allocation, to improve the accuracy and intelligence of construction man-
agement [28]. The purpose of DTs is to copy the real physical entity using visual virtual
space modeling and simulate the dynamic behavior of the entity in the real environment.
Through the virtual mapping of entities and their production processes, the performance
of products is accurately evaluated, and the production accuracy and efficiency of product
development and manufacturing are improved [29]. Driven by the integration of DTs
and artificial intelligence, the multi-factor, multi-process and multi-service time-history
parallel simulation and virtual–real integrated control of intelligent construction systems
can be realized [30]. This study builds a DT framework for the intelligent planning of
material-allocation paths for prestressed steel-structure construction based on the concept
of DTs, which is shown in Figure 1.
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Figure 1. DT framework for intelligent planning of construction-material-allocation path.

The DT framework for the intelligent planning of a material-allocation path for
prestressed steel-structure construction is composed of five dimensions, namely: physi-
cal space, virtual space, the data processing layer, the functional application layer, and
the connection layer among all dimensions. Its mathematical language is expressed
as Equation (1).

FDT = (PS, VS, DL, FL, CL) (1)

In Equation (1), FDT represents the DT frame; PS represents the physical space; VS
represents the virtual space; DL equals the data processing layer; FL means the function
application layer; and CL represents the connection layer among all dimensions.

In the physical space, by capturing the schedule, material reserve and field distribution
of each node in the field construction, it provides real working condition support for the
simulation in the virtual space. In the virtual space, the site layout model of the construction
site is established to truly map the working conditions and layout of the site. At the same
time, construction behavior roaming is carried out in the virtual model to simulate the
allocation of materials on the site. Additionally, the condition of the site is simulated from
the construction state, thus realizing the interactive mapping between the virtual space and
the physical space. In the data processing layer—driven by an intelligent algorithm—the
buffer time of each construction position (the time when materials can support construction),
the time spent on allocating materials in each path, and the feasibility of allocating paths
are analyzed. Finally, the visual presentation of the construction site and the planning of
the material-allocation path are carried out in the functional application layer, so as to guide
the on-site construction. At the same time, the data-driven function is realized through
the information extraction of the scene and the simulation analysis of the virtual model.
The functional service layer interacts with the virtual and real space, thus connecting the
various dimensions of the framework.
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Driven by the DT framework for the intelligent planning of a material-allocation path
for prestressed steel-structure construction, this study proposes an intelligent planning
method. According to the construction site, a virtual model with high fidelity is established,
which can simulate the field distribution of the site and the construction state of each
position in the virtual space. In order to improve the construction efficiency, the Dijkstra
algorithm is utilized to analyze the information extracted from the site and the information
simulated from the virtual model. Guided by the dynamic marking system on site, this can
intelligently judge the feasibility of allocating materials by each route, and finally, select the
most reasonable allocation route. The intelligent planning method of a material-allocation
path driven by DTs is shown in Figure 2.

 
Figure 2. Intelligent planning method of material-allocation path driven by DTs.

3. Creation of Virtual–Real Interaction Model for Intelligent Path Planning

According to the intelligent planning method of a material-allocation path driven by
DTs, it is necessary to collect the physical information on site in real time, and carry out the
dynamic simulation of site construction in the virtual model. Thus, the interactive mapping
between virtual space and physical space is achieved. The virtual–real interaction model for
intelligent path planning is built to support the data processing of the Dijkstra algorithm.

3.1. Real-Time Collection of Physical Information

In the planning of a material-allocation path, the collection of physical information
mainly includes the construction progress of each node, the material reserve situation,
the overall layout of the construction site, and the transportation speed of personnel and
equipment on site. The mathematical expression of physical information collected in real
time is Equation (2).

PI = (CP, MR, SL, TS, MT) (2)

In Equation (2), PI represents physical information; CP means the construction
progress of each node on the site; MR represents the material reserve of each node on
site, and the buffer time of each node construction can be calculated according to the
material reserve. Incoporating the control of the construction progress of each node, the
relationship between construction progress and material reserve can be clarified, and the
material allocation time on site can be reduced; SL is the overall layout of the construction
site, which can analyze the transportation channel and the blockage of the site; TS equals
the transport speed of personnel and equipment on site, and the time required on each path
can be calculated by the layout and transport speed of the site; and MT indicates the types
of materials required at each construction position, such as cable clamps, anchors, etc.

For the physical information on the scene, Internet of Things technologies, such as
monitoring equipment and RFID, can be used for real-time acquisition, and the virtual–real
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interaction can be realized through dynamic simulation of the virtual model. In particular,
with regard to material information collection, RFID technology is used to encode the
material, and the basic information—such as the material type and construction location of
the material—will facilitate the real-time capture and accurate distribution of information
in the allocation process. At the same time, the construction buffer time and material
allocation time of each node can be calculated from the collection of field information.

3.2. Dynamic Simulation of Virtual Model

The construction of the virtual model mainly includes the layout of the construction
site and the relevant operation information of the construction process, which form the
geometric model and behavior model for the construction process. According to the
actual construction process on the site, each dimension model is correlated and integrated
to realize the deep, multi-angle and comprehensive simulation of the construction site.
Through the simulation analysis in the virtual model, the path can be displayed intuitively
in the construction site, thus improving the efficiency of construction and the accuracy
of management. Therefore, the information in the virtual model (VI) is divided into two
categories—basic information (BI) and behavior information (BI∗)—which are simulated
in the geometric model and the behavior model, respectively. The specific mathematical
language is expressed as Equations (3)–(5).

VI = (BI, BI∗) (3)

BI = (SL∗, CL, CC) (4)

BI∗ = (CT, NT, CP∗, MR∗) (5)

In Equations (4) and (5), SL∗ represents the site layout in the building; CL represents
the layout of the channel in the building; CC means the construction of each node on the
channel; CT represents the time used for allocating materials in each channel; NT is the
time required to pass through each node on the channel; CP∗ indicates the progress of each
construction node analyzed in the virtual model; and MR∗ equals the material reserves of
each construction node analyzed in the virtual model.

In the process of establishing the virtual model, firstly, the basic information on the
construction site structure layout, channel layout, and the construction of each node on the
channel are modeled at the geometric level. The geometric model is established using a BIM
modeling software such as Revit. By establishing a geometric model with high fidelity,
the geometric characteristics of the construction process can be truly mapped. Additionally,
the actual working conditions of the construction site can be intuitively displayed, which
provides field information support for the analysis of the subsequent behavior model [31].
The geometric model can also intuitively show the allocation path after intelligent planning.
In the behavior model, combined with the basic information of the scene provided by the
geometric model, the time required for the allocation of materials in each channel and the
time required for each node in the channel can be analyzed by roaming. In the behavior
model, the relationship between the progress of each construction node and the material
reserve can also be calculated through the construction simulation. Moreover, the buffer
time of construction can be calculated, which provides constraints for the planning of
material allocation time and path. The behavior information of the construction process is
identified in the geometric model, and the construction of the behavior model provides
simulation data support for the path planning in the geometric model. The information
dynamic simulation in the virtual model is shown in Figure 3.
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Figure 3. Information dynamic simulation in the virtual model.

3.3. Information Interaction between Physical Space and Virtual Space

Through the real-time collection of physical information and the dynamic simulation
of information in a virtual model, twin data are formed. In this process, it is necessary
to establish a virtual–real interaction mechanism to support the data processing of the
Dijkstra algorithm and realize the intelligent planning of the material-allocation path.
The virtual–real interaction mechanism is shown in Figure 4.

 
Figure 4. Virtual–real interaction mechanism.

Based on the analysis of the construction site, a one-to-one mapping correlation

between virtual space and physical space is realized, namely, PI 1:1⇒ VI. In the process of
the virtual–real interaction, the most important achievement is that of information fusion.
In view of the key information such as field layout, schedule, and material reserve in the
construction process, sensors and monitors are arranged on the site. Through a high-speed,
high-stability and low-delay data transmission protocol (such as HTTP, SMTP, SNMP, FTP,
etc.), as well as a wired or wireless mode (such as Zigbee, Bluetooth, WIFI, etc.), a hardware
and software guarantee for data transmission is realized. In this study, the data transmission
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protocol is HTTP, and data are transmitted through Bluetooth and WIFI, which enable the
display of construction information in the virtual model, as well as the interactive feedback
of virtual and real space. On the basis of virtual–real interaction, the buffer time (BT) of
each node’s material reserve supports the construction progress; moreover, the time used
to allocate materials in each channel (CT), and the time required for each node through
the channel (NT), are calculated by the intelligent algorithm in the twin data processing
layer. Due to the inaccuracy of field information collection and virtual space simulation,
the error of time will also be analyzed. From the practice on site, it is found that the fusion
of the time gained using the entropy method can better reflect the construction process.
Therefore, the entropy method [32] is used to fuse the information collected in physical
space and the information simulated in virtual space, so as to ensure the effectiveness of the
data. The original data on physical space and virtual space are expressed as Equation (6).

A =

⎛⎜⎝ x11 x12
...

...
xm1 xm2

⎞⎟⎠ (6)

In Equation (6), the data are judged in two ways—physical space and virtual space—
and there are m analysis objects.

Firstly, the original data are standardized by Equation (7).

Xij =
xij − min

(
xj
)

max
(

xj
)− min

(
xj
) (i = 1, 2, · · · , m; j = 1, 2) (7)

The proportion of the ith record under jth indicator is calculated by Equation (8).

Pij =
Xij

∑m
i=1 Xij

(8)

The entropy of the jth indicator is calculated by Equation (9).

ej = −k ∗ ∑m
i=1 Pij ∗ log

(
Pij
)
, k =

1
ln(m)

(9)

The difference coefficient of the jth indicator is calculated by Equation (10).

gj = 1 − ej (10)

The weight of the jth indicator is calculated by Equation (11).

Wj =
gj

∑m
i=1 gj

(11)

The final fusion result is calculated by Equation (12).

Xi = ∑2
j=1 xijWj (12)

On one hand, the resulting twin data can directly guide the scene. On the other
hand, they can be imported into the virtual model for the feasibility simulation analysis
of decision-making, and ultimately provide data support for the intelligent planning of
a material-allocation path based on the Dijkstra algorithm.

4. Intelligent Planning of Material-Allocation Path Based on Dijkstra Algorithm

By building a virtual–real interaction model for intelligent path planning, twin data
are formed. In this study, the Dijkstra algorithm is used to process the twin data. In the
analysis process, the algorithm is improved according to the characteristics of construction
and intelligent improvement requirements. The obtained material-allocation path is then
returned to the virtual model for feasibility simulation, and finally, the results of the path
planning are imported into the dynamic marking system of the site. Combined with the
real-time information capture function of RFID technology, the site construction is guided
to form a complete intelligent planning process for the material-allocation path.
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4.1. Improvement of Dijkstra Algorithm

In this study, the Dijkstra algorithm is selected as the planning algorithm for the
shortest path optimization of material allocation, which can calculate the shortest path of
any two points in a given planar topology [33]. Its basic principles are:

(1) There are two initialized sets, namely S and U. The set S contains only the source
point v, namely S = {v}, and the shortest path of v is 0. The set U contains other nodes
except node v, namely U = {S − v}.

(2) Select a nearest node u from the set U to join the node u in the set S, then the selected
distance is the shortest path length from v to u.

(3) Taking node u as the new intermediate point, the shortest path length of each node
j in the set U is modified. If the shortest path length (passing node u) from source
point v to node j (j∈U) is shorter than the original shortest path (not passing node u),
the shortest path length of node j is modified.

(4) Repeat steps (2), (3) until all nodes are contained in the set S.

The object of material-allocation path planning in this study is the entire construction
site. Its topological structure is composed of multi-layer planar topology, and the field dis-
tribution of the path and the nodes connecting each path should be considered. Therefore,
the traditional Dijkstra algorithm cannot meet the requirements of intelligent planning of
the material-allocation path in the construction process. Thus, this study improves the
Dijkstra algorithm as follows:

(1) The layout of each layer is extended to three-dimensional space. Combining with
the construction characteristics of sports venues, the nodes from various planes are
comprehensively considered. Assuming that there are n planes, the overall analysis
object is f = (f1, f2, f3, . . . , fn). The projection of each plane is used to realize the
comprehensive analysis of the construction site.

(2) In the construction process, the nodes between the paths may be in a state of construc-
tion blockage or material stacking. If the allocation path needs to pass through these
nodes, the time to pass through these nodes needs to be considered, where the node
is in a blockage state, and the time to pass through this node is set to be infinite.

(3) It is necessary to comprehensively consider the relationship between the buffer time
and allocation time of each node. Equation (13) ensures that each node does not
produce the phenomenon of nesting, and finally, evaluates the feasibility of the
material deployment path by Equation (14).

BTi> CTi + NTi (13)

FI = ∑N
i=1(CTi + NTi)

∑N
i=1 BTi

(14)

In Equations (13) and (14), BTi represents the buffer time of each node; CTi + NTi
indicates the time of material delivery to each node; and FI represents the feasibility analysis
index of the material-allocation path; the smaller the value is, the higher the feasibility is.

(4) Since the construction process is dynamic, in the path analysis, the material allocation
time should be corrected in real time according to the changes in factors, such as field
distribution information, in the virtual model.

4.2. Intelligent Material-Allocation Path Planning Process

Driven by the DT frame, the Dijkstra algorithm is integrated to intelligently plan
the material-allocation path of prestressed steel-structure construction. Firstly, the real-
time collection of physical information is performed, and the dynamic simulation of the
construction process is carried out in the virtual model, thus forming the virtual–real
interaction mechanism and extracting the twin data. The Dijkstra algorithm is used to
analyze the twin data, and the relationship between the buffer time and allocation time
of each node is comprehensively considered to plan the path. The feasibility of material
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allocation is evaluated, and the most reasonable way is selected. Driven by DTs, the material
deployment path is imported into the virtual model for simulation analysis. The material-
allocation path of the construction process is imported into the dynamic marking system of
the construction site. Since the construction process is dynamic, the construction is guided
by changing the guiding route of the construction site. At the same time, the allocation of
materials is collected in real time using radio frequency technology to ensure the accuracy
of the construction. The process of realizing the intelligent planning of a material-allocation
path in the construction process is shown in Figure 5.

 

Figure 5. Process of intelligent planning of material-allocation path.

5. Case Study

Based on the analysis of theoretical methods, this study applies the intelligent planning
method of a material-allocation path for prestressed steel-structure construction, based on
DTs, to the emergency allocation of materials in the construction process of the 2022 Beijing
Winter Olympics National Speed Skating Hall; the aim is to improve the efficiency and
intelligence of its construction [34].

5.1. Engineering Overview

With a total construction area of 97,000 square meters, the National Speed Skating
Pavilion, is located on the west side of Beijing Chaoyang District Olympic Forest Park
and to the south side of the National Tennis Center Diamond Stadium. During the 2022
Beijing Winter Olympics, the National Speed Skating Pavilion will undertake speed skating
competitions and training. The main structure of the speed skating hall is a cast-in-situ
reinforced concrete structure, and the roof is a large-span saddle-shaped cable network
structure. The structural span is 124 m × 198 m, supported by the outer steel ring truss, and
the curtain wall cable is set outside the ring truss. The steel ring truss adopts the structural
form of a three-dimensional truss, and the grid spacing is 4 m. The maximum specification
of the chord in the truss is P1600 mm × 60 mm, and the joints are connected in the form of
coherent welding. The ring truss and steel-reinforced concrete column are connected by
finished spherical hinge support. The external curtain wall support structure adopts a steel
cable and vertical wave steel keel. The construction site of the speed skating rink is shown
in Figure 6.
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Figure 6. Construction site of speed skating hall.

5.2. Virtual–Real Interaction Modeling

In the construction of the structure, because it is difficult for a tower crane to trans-
port material to the connection part of the roof and the lower structure, the process of-
ten needs manual participation [35]. In order to improve the efficiency and intelligence,
the construction progress and material reserves of important nodes are accurately con-
trolled. In order to improve the accuracy of material allocation, the materials required by
each node are collected on the spot and virtually modeled. The real-time interaction is
carried out by the sensor equipment. The virtual–real interaction of materials is shown in
Figure 7. The basic information such as the type of material, and the behavior information
such as the construction position, are determined by the virtual model. The RFID tags are
arranged in the real components to read the information in real time, and the management
mode of ‘one thing and one code’ is realized.

 

(a) 

 

(b) 

Figure 7. Virtual–real interaction of materials. (a) Virtual model; (b) Real component.

The layout diagram of the construction process analyzed in this study is shown in
Figure 8, in which materials are stored at node A, and there is a shortage of materials at
nodes D, E, and G. The nodes (A, B, C, D, E, F, G) in the figure represent the positions
where the material passes. According to the construction schedule plan, material reserves
and field distribution, the construction buffer time of each node is calculated in physical
space and virtual space, respectively. Finally, the buffer time and allocation time of each
node are fused using the entropy method; thus twin data are formed, which can effectively
reduce the error caused by the inaccuracy of field information collection and virtual space
simulation, and provide data support for the intelligent planning of the material-allocation
path. The twin data of the buffer time and allocation time of each node are shown in Table 1.
In the table, a single node indicates that there is a nesting phenomenon of the node, and
analyzes its construction buffer time. The nodes are connected to represent the allocation
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path of the material, and the time includes the time passing through the starting node.
Therefore, on the same path, different starting nodes will lead to different allocation times.

 

Figure 8. Field layout of construction process.

Table 1. Twin data of buffer time and allocation time of each node.

Location
Time of Physical Space

Analysis (min)
Time of Virtual Space

Analysis (min)
Fusion Time

(min)

D 21.5 23.9 22.7
E 15.2 16.7 16.0
G 30.2 32.8 31.5

A→B 6.5 7.2 6.9
A→C 2.1 2.5 2.3
B→C 2.8 3.1 3.0
C→B 3.2 3.9 3.6
B→D 5.6 6.3 6.0
C→D 7.5 6.8 7.1
D→B 7.4 8.5 8.0
D→C 9.3 10.3 9.8
D→E 4.2 3.7 3.9
D→F 4.3 3.9 4.1
D→G 4.6 5.1 4.9
E→D 7.4 8.2 7.8
E→G 6.5 5.7 6.1
F→D 6.3 5.6 5.9
F→G 5.2 4.9 5.0
G→D 7.6 6.3 6.9
G→E 4.3 3.8 4.0
G→F 7.8 6.5 7.1

5.3. Path Planning

Together with the twin data formed by the virtual–real interaction, the Dijkstra al-
gorithm is used to process the connection of each node, and the time required for the
material-allocation path between each node is input. Considering the construction buffer
time of each node and the passing time of each route, the planned material-allocation route
and time are shown in Table 2 by combining Figure 8 with Table 1.
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Table 2. Material-allocation path and time used.

Serial Number Path Time Used (min)

1 A→C→D 9.4
2 A→C→D→E 13.3
3 A→C→D→G 14.3

According to Table 1, it is necessary to adjust the path in Table 2. Firstly, the materials
are allocated to node E, then returned from node E to node D. Finally, they are transferred
from node D to node G, so as to ensure the normal construction of each node on site and
the efficiency of the construction process. The formed material-allocation path is simulated
in the virtual model, and its effectiveness is analyzed. The formed path is input to the
dynamic marking system of the construction site to guide the on-site material allocation.
The RFID information of the material is extracted in real time to ensure the accuracy of the
allocation. The path planning for material allocation is shown in Figure 9.

 

(a) 

 

(b) 

Figure 9. Path planning of material allocation. (a) Path simulation in virtual model; (b) Material
allocation on site.

5.4. Effect Analysis

In the framework of the intelligent planning of a construction-material-allocation path
driven by DTs, through the real-time collection of physical information on the construction
site and the simulation analysis in the virtual model, the virtual–real interaction mechanism
is formed. By integrating the Dijkstra algorithm to process twin data, the path of material
allocation can be analyzed efficiently and accurately, and the construction of the site can be
guided by the dynamic sign system. The material method formed in this study effectively
saves time in the construction process and provides ideas for the realization of intelligent
construction [36]. In the construction process, a twin model of site layout is established.
The node of the construction position is digitized, and different construction channels
are used as the distribution path of materials. The material distribution time and the
material storage of the construction node are comprehensively considered. The Dijkstra
algorithm is used to plan the optimal path. At the same time, the material that needs to
be delivered is calibrated. This process requires RFID tags to ensure the consistency of
materials. Finally, the dynamic marking system is arranged on the construction site to guide
the distribution of materials. By indicating the optimized path on the spot, the delivery
time is effectively shortened. For the whole process, material distribution in the same
scenario is also carried out using the traditional guidance method. By comparing the time
required by the traditional scheme and by the construction scheme proposed in this study, it
is shown that the overall time saving of the latter is 21%. The scenario in this study involves
the simultaneous delivery of multiple materials. In the research process, the optimization
method focuses on time savings. In the future, cost factors will be considered to optimize
the construction process and the layout of the working surface. The optimal construction
scheme will be obtained by using the fewest dynamic markers. This will not only reduce
the construction time, but will also reduce the construction cost.
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6. Discussion and Conclusions

DT technology is the key technology for realizing the intelligent construction of
structures. A DT framework for the intelligent planning of a material-allocation path for
prestressed steel-structure construction—incorporated with the construction characteristics
of prestressed steel structures—is built, and is driven by DTs. Moreover, an intelligent
planning method of a material-allocation path driven by DTs is formed. According to
the real-time collection of physical information on site and the dynamic simulation in the
virtual model, a virtual–real interaction model for intelligent path planning is established
and twin data are formed. The Dijkstra algorithm is used to process the twin data, and
the path of material allocation is obtained. RFID and other Internet of Things technologies
are integrated to guide the construction on site. In this study, the main conclusions are
as follows:

(1) Through the real-time collection of physical information and the dynamic simulation
of virtual space, and by combining an entropy method, data fusion is carried out to
form twin data, thus providing reliable data support for the intelligent planning of
the material-allocation path in the construction process.

(2) Based on the establishment of the virtual–real interaction model, the Dijkstra algo-
rithm is used to process the twin data, and the construction buffer time and material
allocation time of each node in the construction process are comprehensively con-
sidered; this contributes to a complete intelligent planning process of the material-
allocation path, which provides technical support for improving the intelligence level
of the construction process.

(3) Through the fusion of the DT concept and the Dijkstra algorithm, the interactive map-
ping between virtual space and real construction can be realized. Moreover, the feasi-
bility analysis of path planning and the integration of Internet of Things technology
for on-site construction guidance can achieve closed-loop control of the construction
process; this also offers a reference for virtual space to guide real construction.

The intelligent planning method of the material-allocation path proposed by this
research was applied in the construction of the National Speed Skating Hall of the Bei-
jing Winter Olympics in 2022, and effectively improved the construction intelligence.
The examples of its application in engineering showed time savings of 21% for the con-
struction of related processes. Driven by the intelligent planning method of the prestressed
steel-structure construction-material-allocation path based on DTs, the intelligent control of
structure construction can be carried out through the twin data fusion intelligent algorithm,
formed by virtual and real interaction. Moreover, the cost of real structure construction
management can be reduced by combining Internet of Things technologies. Future work
will focus on the integration of all management elements in each link of the construction
process, and on carrying out an intelligent analysis of the whole construction process.
On the basis of this study, the coordination of the construction process and work surface
will be studied. The efficient management of the whole construction process will be realized
by considering more realistic and comprehensive factors.
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Abstract: Bolted ball-cylinder (BBC) joints are suitable for non-purlin space structures to effectively
reduce structure height and save material costs. In this paper, we present a numerical and theoretical
study for high-strength steel BBC joints at elevated temperatures. An finite element (FE) model
was first developed, in which the effects of elevated temperatures were considered by introducing
reduction factors for the material properties of steel, such as the yield stress and Young’s modulus, to
analyze the structural behavior of BBC joints subjected to compressive, tensile or bending loads. Based
on parametric studies on 441 FE models, effects of the key parameters, including joint dimensions,
material strength and temperatures, on the structural behavior of BBC joints are discussed. Then,
theoretical analysis is conducted, and design methods are proposed to estimate the ultimate load-
carrying capacity of BBC joints. Finally, we verified the accuracy of the design method by comparing
the prediction with the FE results.

Keywords: bolted ball-cylinder joints; FE analysis; elevated temperature; parametric study;
design methods

1. Introduction

Space structure that contains axial members and joints is an efficient structural form to
span larger areas without interior supports, such as stadiums and community halls [1–3].
Space structure has the advantages of light weight, modular construction, high rigidity
and cost effectiveness. The mechanical behavior of joints in a space structure is of vital
importance for its structural performance. Both welded and assembled joints are commonly
used to connect the axial members. Welded joints such as welded tubular joints and welded
spherical joints [4] are ideally assumed as rigid. Nevertheless, assembled joints generally
exhibit a semi-rigid behavior. Up to now, various types of assembled joints, such as bolted-
ball joints [5], socket joints [6] and plate joints [7], have been invented and investigated.
Ahmadizadeh and Maalek [6] investigated the effect of socket joint flexibility on space
structure behavior and found that node deformability resulted in significant changes
in member forces, structure stiffness and load-carrying capacity. Ebadi-Jamkhaneh and
Ahmadi [8] conducted an experimental and numerical study on MERO joints to investigate
the effect of bolt tightness on the joint axial behavior. Han et al. [9] investigated the
compressive behavior of a novel assembled hub joint in single-layer latticed domes and
proposed theoretical models to predict the axial stiffness and strength. Xiong et al. [7,10]
studied the behavior of single-layer reticulated shells with gusset joints and found that the
semi-rigid behavior of joints has a significant influence on the buckling behavior of the
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single-layer shells. In general, the behavior of joints greatly affects the performance of a
space structure.

In recent years, a new joint type named the bolted ball-cylinder (BBC) joint was
proposed for non-purlin space structures [11]. In this structure, roof boards can be directly
placed on the upper chords to effectively reduce the structural height and save costs.
A bolted ball-cylinder joint consists of a solid semi-sphere and a circular tube. The chords,
which are commonly in a rectangular tubular shape, are connected to the circular tube
by bolts, and the diagonal members can be connected to the solid semi-sphere [12]. Zeng
et al. [13] conducted experimental and numerical studies on the BBC joints subjected to
tensile or compressive loads. They found that the strength of the circular tube mainly
controlled the load-bearing capacity of the joints.

In recent decades, extensive high-performance and novel constructional materials
have been applied to civil engineering [14–17], such as fiber-reinforced polymer, seawater
sea sand concrete and high-strength aluminum. For steel structures, with the development
of manufacturing techniques, using high-strength steel up to 1000 MPa is a trend in future
construction for the efficient utilization of materials. Although several studies have been
conducted for BBC joints, their structural behavior at elevated temperatures has not been
investigated. It is known that design for fire resistance is a key requirement for steel
structures [18]. Elevated temperatures could deteriorate the material properties such as
the yield stress and Young’s modulus of steel [19,20]. In current design standards (e.g.,
EC3 [21] and GB 51249 [22]), reduction factors are specified for the yield strength and
Young’s modulus of steel to account for the effect of elevated temperatures. Although no
finite element (FE) studies have been conducted for BBC joints at elevated temperatures,
some FE studies have been reported for steel joints at elevated temperatures, such as
beam-to-column joints [23], T-joints [24,25] and tubular T-T joints [26].

In order to fill the knowledge gap of the structural behavior of BBC joints made of
high-strength steel at elevated temperatures and promote the application of the novel BBC
joints, we present here a numerical and theoretical study on BBC joints subjected to various
loading scenarios, including compression, tension and bending. An FE model that accounts
for the effect of temperatures was developed and verified. Based on FE analysis, parametric
study was conducted for joints subjected to various temperatures and loading types to
investigate the effects of key parameters on the structural behavior (i.e., strength, stiffness
and load–displacement curves) of BBC joints. Finally, we propose design methods for the
joints at elevated temperatures.

2. Finite Element Model

2.1. BBC Joint at Ambient Temperature

A bolted ball-cylinder (BBC) joint consists of a circular tube, a solid hemisphere,
concave washers, bolts, end plates and tubular beams as shown in Figure 1, where D, t
and H are the diameter, thickness and height of the circular tube, respectively; and b1 and
H0 are the width and height of the tubular beam, respectively. A schematic diagram of
each part in a BBC joint is shown in Figure 2. The FE model for a BBC joint at ambient
temperature was simulated by the commercial FE software ABAQUS [27].

Figure 1. Bolted ball-cylinder joint.
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Figure 2. Schematic diagram of each part of BBC joint: (a) circular tube; (b) tubular beam with
end plate; (c) solid hemisphere; (d) convex washer; (e) bolt; (f) loading plate; (g) supporting plate;
(h) loading tube; (i) loading plate on tube.

Solid element C3D8I was used for the tubular beams and C3D8R was adopted for
all the other components. All the parts were meshed by swept or structural meshing
techniques to generate hexahedra-shaped elements (Figure 3). The element size for the
model was selected as 5 mm, except the element size for the loading tube was 1.5 mm. This
mesh size could achieve a balance between analysis accuracy and computing time. The
classic metal plasticity model in ABAQUS (Dassault Systemes Simulia Corp. Johnston, RI,
USA) was adopted for steel components. This material model implements the von Mises
yielding criterion with an isotropic hardening feature. An elastic-perfect plastic model was
used for bolts whereas the other components of the joint were modelled by a tri-linear
model. The parameters for the material model were obtained from the tensile coupon test
in [11], which was conducted in accordance with GB/T 228.1-2010 [28]. The measured yield
strength (f y), ultimate strength (f u) and Young’s modulus (ES) are 215.7 MPa, 589.7 MPa
and 209.5 GPa, respectively. Specially, the tri-linear model consists of a linear elastic portion
up to f y, a hardening portion up to f u with hardening modulus of 0.05 Es and a perfect
plastic portion with constant stress of f u. The high-strength bolt was 10.9 grade with
nominal yield strength of 900 MPa and ultimate strength of 1000 MPa. For the supporting
plate, loading tube and loading plate, the material is set as elastic with a very high modulus
of 1000 times of steel Young’s modulus.
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Figure 3. Finite element (FE) model of BBC joint under bending.

Contact was defined in the FE model to simulate the interactions between components
(e.g., circular tube, washers and bolts) that prevent penetration but allow separation
between them. Contact between the components was defined by “surface-to-surface”
contact pairs. “Hard” contact was defined in the normal direction and the penalty friction
with small sliding was applied for the tangential direction. The friction coefficient was set
as 0.2 and the other parameters were set as default. Depending on the loading scenarios (i.e.,
compression, tension or bending), boundary conditions were applied on the supporting
plates and displacements were applied on the loading plates.

Six analysis steps were added to the FE model for a smooth establishment of the
pretension load in bolts and the contacts. The steps were as follows: apply temporary
restraints and small force (i.e., 10 N) in bolts; remove the temporary restraints; set boundary
conditions and a small displacement of 0.001 mm; modify the force in bolt as 5 kN; fix the
bolt length; apply the actual displacement. The analysis was determined due to excessive
deformation of the joint that led to a convergency difficulty. Nevertheless, the convergency
problem occurred at a very late stage of the loading process and the ultimate capacity could
be reached. After completing the analysis, load–displacement curves were obtained by
extracting the reaction forces. It is necessary to mention that the preload in bolts is very
low to simulate the snug tight condition of the bolts during experiments.

2.2. Verification of FE Model at Ambient Temperature

Three specimens from [11], which were JD5 under compression, JD8 under tension
and JD10 under positive bending, were selected to verify the FE model. The dimensions of
the specimens for JD5, JD8 and JD10 are D = 140, 180 and 160 mm; t = 10, 8 and 8 mm; and
H = 140, 120 and 140 mm, respectively. Size of the tubular beams is 120 × 60 × 5 mm for all
the specimens. As shown in Figure 4, concentrical load was applied on the end plate of
tubular beams for specimen JD5 and JD8, whereas the load was applied on the endplate of
the loading tube. The layout of LVDTs (Linear Variable Displacement Transducers) for the
specimens is shown in Figure 4. The recorded displacement for compressive and tensile
specimens (i.e., JD5 and JD8) is taken as the relative displacement between point A and A’
(Figure 4). For specimen JD10 under positive bending, the recorded displacement is the
average displacement at points B and B’ subtracted by the average displacement at points C
and C’. From FE analysis, the simulated deformed shapes of BBC joints agree well with the
experimental observations. The difference in the load–displacement curves obtained from
FE analysis and the experimental results is generally less than 10%, as shown in Figure 5.
Therefore, the FE model could accurately simulate the structural behavior of BBC joints at
the ambient temperature.
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Figure 4. Loading conditions and layout of LVDTs for tested specimens.

Figure 5. Verification of FE model.

2.3. FE Model Considering Engineering Practice

For experimental specimens in [11], the end plates of the tubular beams were fixed to
the actuator and the beam was short. The additional restraints from loading plates led to an
increase in the load-carrying capacity. However, in engineering projects, the tubular beam
is long and the restraint from the beams is weaker than in the experiment. Based on FE
analysis, the additional restraints caused a significant increase in the compressive capacity.
Therefore, in parametric study, the loading plates were removed to better simulate the real
behavior of the joints in structures.

In the design method for steel structures, yield strength is commonly used as the
strength parameter. It is more reasonable to use the elastic-perfect plastic model in FE
analysis for a convenient derivation of design methods. It was found that the ultimate
capacity of BBC joints adopting elastic-perfect plastic model is lower than that adopting the
tri-linear model. Therefore, the derived design method based on the elastic-perfect plastic
model has safety margins to some extent. In the parametric study, the elastic-perfect plastic
model was adopted for the FE model.

2.4. Constitutive Model for Steel at Elevated Temperature

It is known that the material properties of steel are degraded at elevated temperatures.
In the “Code for fire safety of steel structures in buildings” [22], reduction factors ηT and χT
are introduced to account for the effects of elevated temperatures on the yield strength and
Young’s modulus of steel, respectively. Yield strength fy,T and Young modulus ET could be
determined by Equations (1) and (2), respectively:

ηT =
fy,T

fy
=

⎧⎨⎩
1.0 20 ◦C ≤ T ≤ 300 ◦C
1.24 × 10−8T3 − 2.096 × 10−5T2+9.288 × 10−3T − 0.2168 300 ◦C < T < 800 ◦C
0.5 − T

2000 800 ◦C ≤ T ≤ 1000 ◦C
(1)
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χT =
ET
E

=

{
7T−4780
6T−4760 20 ◦C ≤ T < 600 ◦C
1000−T

6T−2800 600 ◦C ≤ T ≤ 1000 ◦C
(2)

where f y is the yield strength and E is the Young’s modulus of steel at ambient temperature,
and T is the temperature in ◦C.

Current standards do not cover the behavior of high-strength bolts in fire. Based
on the study in [29], the reduction in the yield strength (f ybolt,T) and Young’s modulus
(Ebolt,T) of high-strength bolts (10.9 grade) at elevated temperatures could be estimated by
Equations (3) and (4), respectively:

λT =
fybolt,T

fybolt
= 4 × 10−9T3 − 6 × 10−6T2 + 0.0011T + 0.9603 (3)

ωT =
Ebolt,T

Ebolt
= 6 × 10−9T3 − 8 × 10−6T2 + 0.0016T + 0.9433 (4)

where f ybolt and Ebolt are the yield strength and Young’s modulus of high-strength bolts at
ambient temperature. Figure 6 and Table 1 show the reduction factors for the yield strength
and Young’s modulus of steel and high-strength bolts at elevated temperatures.

Figure 6. Reduction factors for steel and high-strength bolts at elevated temperatures.

Table 1. Reduction factors for the yield strength and Young’s modulus of steel and high-strength bolts.

T (◦C)
Steel High-Strength Bolt

ηT χT λT ωT

20 1.00 1.00 1.00 1.00
100 0.98 1.00 1.00 1.00
200 0.95 1.00 0.97 0.99
300 0.91 1.00 0.86 0.87
400 0.84 0.91 0.70 0.69
500 0.73 0.71 0.51 0.49
600 0.50 0.45 0.32 0.32

3. Parametric Study

3.1. Specimens

As shown in Figure 7, four types of loads on BBC joints were investigated in the current
study, which are compression (denoted as “CN” joint), tension (“TN”), positive bending
(“BN”) and negative bending (“RBN”). The key parameters affecting the structural behavior
of BBC joints include the outer diameter (D), thickness (t) and height (H) of the circular tube,
and the width (b1) and height (H0) of the tubular beam (Figure 1). Twenty-one FE joints
were developed for parametric study to cover these key parameters, as shown in Table 2. For
each joint, seven temperatures (i.e., 20 ◦C, 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C)
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and three steel strengths (i.e., Q235, Q345 and Q690 steel with f y = 235 MPa, 345 MPa and
690 MPa, respectively) were selected, yielding a total of 441 FE models, to investigate the
structural behavior of BBC joints at elevated temperatures. Due to the limitation of article
length, the results of Q690 joints are reported in the following subsections and Q235 and
Q345 joints exhibited a similar trend as that of Q690 joints.

Figure 7. Loading scenarios for BBC joints.

Table 2. Joints for parametric study.

Joint No. Variable D (mm) t (mm) H (mm) b1 (mm) b2 (mm) H0 (mm)

N1 N/A 150 10 160 60 26 120

N2

D

110 10 160 60 26 120
N3 130 10 160 60 26 120
N4 170 10 160 60 26 120
N5 190 10 160 60 26 120

N6

t

150 8 160 60 26 120
N7 150 9 160 60 26 120
N8 150 11 160 60 26 120
N9 150 12 160 60 26 120

N10

H

150 10 120 60 26 120
N11 150 10 130 60 26 120
N12 150 10 140 60 26 120
N13 150 10 150 60 26 120

N14

b1

150 10 160 50 26 120
N15 150 10 160 55 26 120
N16 150 10 160 65 26 120
N17 150 10 160 70 26 120

N18

H0

150 10 160 60 26 130
N19 150 10 160 60 26 140
N20 150 10 160 60 26 150
N21 150 10 160 60 26 160

3.2. Joints under Compression

Load–displacement curves of a typical Q690 specimen N1 under compression with
various temperatures are plotted in Figure 8. For joints subjected to temperatures less or
equal than 300 ◦C, the curves are almost identical, indicating that the temperature effect
is insignificant. With further increase in the temperature, the initial stiffness and ultimate
compressive capacity of a joint decrease gradually. In general, the shapes of the load–
displacement curves of the joints subjected to various temperatures are similar. Similar
trends could be found for all the other joints (i.e., N2–N21).
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Figure 8. Effects of elevated temperatures on the load–displacement curves of specimen N1 under
compression: (a) load–displacement curves; (b) failure process; (c) deformed shape corresponding to
point C.

By examining the deformed shapes and stress contours of the joints under various
temperatures, the failure mechanisms are similar to those under ambient temperature.
Due to compression, the free end of the circular tube in a joint first yields, and the yield
zone extends to the hemisphere. At the ultimate load, complete yielding of the free end is
observed, and plastic hinges are formed at the tube faces connected to the tubular beams.
After the peak load, the applied load decreases slowly. Figure 8b shows the failure process
of specimen N1 at 600 ◦C. The deformed shape of the joint at ultimate load is shown in
Figure 8c.

Based on FE analysis, key parameters affecting the structural behavior of a BBC joint
include the outer diameter, thickness and height of the circular tube and the width and
height of the tubular beam. Parametric studies were conducted to investigate the effects of
these key parameters on the initial stiffness and ultimate capacity of Q690 BBC joints, as
shown in Figures 9 and 10, respectively. The initial stiffness is defined as the slope of the
load–displacement curve in the elastic region. In this paper, it is equal to the slope of the
line between the origin and point A as shown in Figure 8b, where the load at point A is
generally a quarter to a third of the peak load. The ultimate capacity is defined as the peak
load during the loading process (i.e., point C in Figure 8b).

Figure 9. Effects of parameters on the initial stiffness of BBC joints under compression: (a) outer
diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular beam;
(e) height of the tubular beam.
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Figure 10. Effects of parameters on the load-carrying capacity of BBC joints under compression:
(a) outer diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular
beam; (e) height of the tubular beam.

With the increase in the outer diameter of the tube, both the initial stiffness and
ultimate capacity decrease dramatically first, and then the decreasing rate slows down,
as a tube with a larger diameter is more prone to local buckling. Comparison between
Figures 9a and 10a indicates that the effect of the outer diameter is more prominent on
the initial stiffness than that on the ultimate capacity. A thicker tube also leads to an
enhancement in the initial stiffness and ultimate capacity. However, increasing the height
of the tube has an opposite effect. Furthermore, an increase in the beam size (i.e., width and
height) leads to a gradual increase in the initial stiffness and the ultimate capacity since the
stress concentration on the tube wall is less severe. As expected, an elevated temperature
reduces the initial stiffness and ultimate capacity of the joint due to the deterioration in
material properties. Nevertheless, if the temperature is lower than 300 ◦C, the negative
effect of temperature is insignificant.

3.3. Joints under Tension

Figure 11 plots the load–displacement curves of Q690 specimen N1 under tension
with various temperatures. In general, obvious strain hardening is observed for joints
under tension as the joint capacity is mainly controlled by material strength. When the
temperature is higher than 400 ◦C, significant reductions in the initial stiffness and the
capacity are observed. Nevertheless, the failure modes of the joint under ambient and
elevated temperatures are similar, which is a successive yielding of the circular tube. As
the applied load did not drop during the loading process, the load at point C in Figure 11b
is defined as the ultimate capacity. The ultimate load corresponds to a complete yielding of
the circular tube (Figure 11b). From this point, the slope of the load–displacement curve
remains constant. The deformed shape of the joint at ultimate load is shown in Figure 11c.
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Figure 11. Effects of elevated temperatures on the load–displacement curves of specimen N1 under
tension: (a) load–displacement curves; (b) failure process; (c) deformed shape corresponding to
point C.

Effects of the key parameters on the initial stiffness and ultimate capacity of Q690 BBC
joints are shown in Figures 12 and 13, respectively. With the increase in the outer diameter
of the tube, the initial stiffness and ultimate load decrease first and keep almost consistent
if the diameter is larger than 170 mm. The initial stiffness and ultimate capacity increase
gradually with the increase in tube thickness or with the decrease in tube height. The
width of tubular beams does not notably affect the structural behavior of a joint, as show
in Figures 12d and 13d. With the increase in the tubular beam height, the initial stiffness
increases slightly, but its effect on the ultimate capacity is insignificant.

Figure 12. Effects of parameters on the initial stiffness of BBC joints under tension: (a) outer diameter
of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular beam; (e) height
of the tubular beam.
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Figure 13. Effects of parameters on the load-carrying capacity of BBC joints under tension: (a) outer
diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular beam;
(e) height of the tubular beam.

3.4. Joints under Positive Bending

Figure 14 shows the effects of elevated temperatures on the load–displacement curves
of Q690 specimen N1 under positive bending. Similar to the joints under tension, the
applied load did not drop during the loading process, and the ultimate load is defined
as the load at point C in Figure 14b. The deformed shape of the joint at ultimate load is
shown in Figure 14c. If the temperature is less than 300 ◦C, the effect of temperature on
joint behavior is insignificant. However, with a further increase in temperature, both initial
stiffness and ultimate capacity deteriorate dramatically. Failure mode of the joint at an
elevated temperature is similar as that at ambient temperature, in which plastic hinges are
formed at the tube-to-beam junctions.

Figure 14. Effects of elevated temperatures on the load–displacement curves of specimen N1 under
positive bending: (a) load–displacement curves; (b) failure process; (c) deformed shape corresponding
to point C.

As shown in Figure 15, the initial stiffness of Q690 joints increases with the increase in
tube thickness and the tubular beam height. Increasing the outer diameter of the tube leads
to a reduction in the initial stiffness as the tube is more prone to buckling. Nevertheless, the
effects of tube height and tubular beam width on the initial stiffness are insignificant. For
the ultimate capacity shown in Figure 16, effects of tube diameter, tube height and beam
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width are insignificant. The ultimate capacity is enhanced by increasing the tube thickness
and the height of the tubular beams.

Figure 15. Effects of parameters on the initial stiffness of BBC joints under positive bending: (a) outer
diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular beam;
(e) height of the tubular beam.

Figure 16. Effects of parameters on the load-carrying capacity of BBC joints under positive bending:
(a) outer diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular
beam; (e) height of the tubular beam.

3.5. Joints under Negative Bending

For Q690 joints under negative bending, the effects of elevated temperatures on the
load–displacement curves are illustrated in Figure 17. The applied load almost keeps
constant after reaching the peak load and the ultimate load is defined as the peak load
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(i.e., point C in Figure 17b). The deformed shape of the joint at ultimate load is shown
in Figure 17c. Similar to joints under positive bending, the adverse effect of elevated
temperatures on the joint behavior becomes obvious when the temperature is higher than
400 ◦C. For a given joint, the ultimate capacity under negative bending is lower than that
under positive bending, as the free end of the circular tube is prone to local buckling.

Figure 17. Effects of elevated temperatures on the load–displacement curves of specimen N1 under
negative bending: (a) load–displacement curves; (b) failure process; (c) deformed shape correspond-
ing to point C.

As shown in Figure 18, the initial stiffness decreases with the increase in the outer
diameter of the tube or with the decrease in tube thickness. The effect of tube height on
the initial stiffness is insignificant. A slight increase in the initial stiffness is observed
when increasing the beam size (i.e., width and height). Figure 19 shows the effect of
the key parameters on the ultimate capacity. In general, an increase in tube thickness of
beam width leads to an increase in the ultimate capacity. However, the influences of other
parameters such as tube diameter, tube height and beam height on the ultimate capacity
are insignificant.

Figure 18. Effects of parameters on the initial stiffness of BBC joints under negative bending: (a) outer
diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular beam;
(e) height of the tubular beam.
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Figure 19. Effects of parameters on the load-carrying capacity of BBC joints under negative bending:
(a) outer diameter of the tube; (b) thickness of the tube; (c) height of the tube; (d) width of the tubular
beam; (e) height of the tubular beam.

4. Theoretical Analysis

4.1. Effects of Elevated Temperatures on the Capacities of BBC Joints

Based on parametric studies, the reduction in the ultimate capacity of a joint at elevated
temperatures has a similar trend to the yield strength reduction of steel, regardless of the
loading scenario. Therefore, the ultimate capacity of a joint at elevated temperatures
could be predicted using the formulas for ambient temperature, but replacing the material
properties at ambient temperature with those at elevated temperatures.

4.2. Design Method

Based on FE analysis, plastic hinges were formed in the circular tube. For a circular
tube under compression or tension, plastic hinges first appeared at the loaded beam-to-tube
junctions (location 1 in Figure 20) and then formed at location 2. The ultimate load was
achieved when plastic hinges were formed at location 2.

Figure 20. Plastic hinges formed in the circular tube (location 1 and 2): (a) under compression;
(b) under tension.

For a joint, owing to the constraints provided by washers and end plates, rigid parts
were formed in the circular tube, shown as the dark areas in Figure 21a. The length of the
rigid part is equal to the width of the tubular beams (i.e., b1 for the loaded beams and b2 for
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the beams perpendicular to the loaded beams). At ultimate load, plastic hinges are formed,
and the tube wall is completed yielded. Based on mechanics (Figure 21b), bending moment
at plastic hinges is:

Mu =
F
4
(l1 +

t
2
) (5)

and the plastic moment capacity is:

Mu =
H0t2 fy,T

4
(6)

where fy,T is the yield strength at elevated temperature that can be calculated from the yield
strength at ambient temperature by Equation (1), H0 is the height of the tubular beam, and
l1 is calculated by Equation (7):

l1 =

√
(

D
2
− t)

2
− b2

2
− b1

2
(7)

By combining Equations (5)–(7), the ultimate capacity of a BBC joint under compression
could be determined as:

F1 = α
2H0t2 fy,T

2(
√
(D

2 − t)
2 − b2

2 − b1
2 ) + t

(8)

where α is a coefficient accounting for the discrepancy between experimental (or FEM)
results and theoretical derivations.

Figure 21. Analytical model for BBC joint capacity: (a) geometry; (b) under compression; (c) under
positive bending.

Based on the parametric study on BBC joints with various steel grade in Section 3,
α depends on the key parameters of a BBC joint, including the diameter (D), height (H),
thickness (t) of the circular tube, and the width (b1) and height (H0) of the tubular beam. By
regression analysis, the coefficient α is calculated by Equation (9) for Q235, Q345 and Q690
steel.

α =

⎧⎨⎩
7.528 × 10−2D1.703t−0.623H−0.401b−0.210

1 H−0.199
0 , for Q235

6.494 × 10−2D1.684t−0.612H−0.408b−0.193
1 H−0.171

0 , for Q345
4.767 × 10−2D1.584t−0.530H−0.450b−0.108

1 H−0.098
0 , for Q690

(9)
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The ultimate capacity of a BBC joint under tension could be derived in a similar pattern as
the joint under compression. The ultimate capacity (F2) could be calculated by Equation (10)
and the parameter β is determined by Equation (11) for various steel grades.

F2 = β
2H0t2 fy,T

2(
√
(D

2 − t)
2 − b1

2 − b2
2 ) + t

(10)

β =

⎧⎨⎩
9.957D1.421t−0.541H−0.403b−0.216

1 H−0.929
0 , for Q235

6.896D1.583t−0.802H−0.407b−0.247
1 H−0.879

0 , for Q345
11.103D1.495t−1.339H−0.337b−0.174

1 H−0.780
0 , for Q690

(11)

where the definitions of the symbols are same as those in the previous formulas.
For a joint under bending, force couple is formed in the joint. Owing to the existence

of the hemisphere, failure of the free end of the circular tube governs the ultimate capacity.
As shown in Figure 21c, the moment capacity for the joint under positive bending could be
calculated from the tensile capacity of the circular tube:

M1 = γ
2H0t2 fy,T

2(
√
(D

2 − t)
2 − b1

2 − b2
2 ) + t

db (12)

γ =

⎧⎨⎩
4.803 × 10−4D1.800t−0.671H−0.358b−0.039

1 H−0.634
0 , for Q235

5.291 × 10−4D1.844t−0.766H−0.422b−0.003
1 H−0.641

0 , for Q345
1.860 × 10−3D1.729t−1.190H−0.496b−0.024

1 H−0.723
0 , for Q690

(13)

where db is the distance between the top and bottom bolt rows. Similarly, the ultimate
moment capacity of a joint under negative bending is controlled by the compressive failure
of the free end of the circular tube, which could be calculated as:

M2 = η
2H0t2 fy,T

2(
√
(D

2 − t)
2 − b2

2 − b1
2 ) + t

db (14)

η =

⎧⎨⎩
0.207D1.885t−0.803H−0.172b−0.321

1 H−0.712
0 , for Q235

0.207D1.885t−0.803H−0.172b−0.321
1 H−0.712

0 , for Q345
0.250D1.885t−0.880H−0.206b−0.280

1 H−0.736
0 , for Q690

(15)

where the definitions of the symbols are the same as those in the formulas for positive
bending capacity.

4.3. Verification of the Design Method

In order to verify the design method, four FE specimens were selected, and their di-
mensions are listed in Table 3. For each specimen, four loading scenarios (i.e., compression,
tension, positive bending and negative bending) and seven temperatures, 20 ◦C, 100 ◦C,
200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C, were adopted. A comparison between the
predicted ultimate capacity and FE capacity is shown in Figure 22, which indicates an
adequate match between them. In general, the average ratios of predicted-to-FE capacity
are 0.95, 0.98, 0.97 and 0.95 for BBC joints under compression, tension, positive bending
and negative bending, respectively, and the corresponding coefficients of variation (COV)
are 0.01, 0.03, 0.05 and 0.03, respectively. Therefore, the proposed design method could
reasonably predict the ultimate capacity of BBC joints at elevated temperatures.
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Table 3. Verification of the proposed design method.

Specimen D (mm) t (mm) H (mm) b1 (mm) H0 (mm)

EJ1 130 8 120 60 120
EJ2 170 12 120 60 120
EJ3 130 8 150 60 120
EJ4 170 12 150 60 120

Figure 22. Verification of the design method: (a) compressive and tensile capacities; (b) bending
capacities.

5. Conclusions

Based on FE and theoretical analysis of high-strength steel BBC joints at elevated
temperatures, the following conclusions could be drawn:

(1) By comparing to experimental results, the FE model developed in this study is reason-
able and accurate. A refined FE model was developed to account for the influence
of loading plates on joint behavior and the effect of elevated temperature on steel
material properties.

(2) If the temperature is equal to or lower than 300 ◦C, its effects on the initial stiffness
and ultimate capacity of joints are insignificant. Nevertheless, with a further increase
in temperature, the initial stiffness and ultimate capacity notably deteriorate.

(3) Effects of circular tube size (i.e., thickness, diameter and height) in a joint and beam
size (i.e., height and width) on the initial stiffness and ultimate capacity of BBC
joints are investigated. In general, reducing the height and increasing the thickness
of the circular tube have significant effects on enhancing the initial stiffness and
ultimate capacity.

(4) Design methods are proposed to estimate the ultimate capacity of BBC joints at ele-
vated temperatures. Verification shows that the design method has suitable accuracy
for joints under the loading scenarios of compression, tension, positive bending and
negative bending.
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Abstract: Unstiffened steel plate walls (SPWs) are prone to buckling in practical engineering and will
invariably be subjected to vertical loads. The use of stiffeners can improve the buckling behavior
of thin plates. Considering the effect of the torsional stiffness of C-shaped stiffeners, the elastic
buckling of the diagonally stiffened steel plate wall (DS-SPW) under combined shear and non-
uniform compression is investigated. The interaction curves for the DS-SPW under combined action
are presented, as well as a proposed equation for the elastic buckling coefficient. In addition, the
effects of the stiffener’s flexural and torsional stiffness on the elastic buckling stress were investigated,
and the threshold stiffness formulae were proposed. The results show that the interaction curve
of the DS-SPW under combined shear and non-uniform compression is approximately parabolic.
The critical buckling stress of the DS-SPW can be increased by increasing the stiffener’s torsional-
to-flexure stiffness ratio and the non-uniform compression distribution factor, while the buckling
stress can be decreased by increasing the non-uniform compression-to-shear ratio. Simultaneous
action of shear and axial compression will increase the threshold stiffness by approximately 40%
when compared to the plate under pure shear action. Therefore, the safety threshold stiffness formula
is suggested, considering the combined action of shear and non-uniform compression.

Keywords: steel plate wall; diagonal stiffener; torsional stiffness; elastic buckling; threshold stiffness

1. Introduction

Steel plate walls (SPWs), as illustrated in Figure 1, are lateral force resistant elements
with great ductility and energy dissipation capability. SPWs are widely used in high-rise
and super high-rise buildings [1], such as the Los Angeles Hotel [2] and the 74-storey
Tianjin Tower [3]. Thorburn et al. [4] found that thin steel plates formed tension fields
after buckling and had a high shear capacity. However, unstiffened SPWs are prone to
buckling and exhibit noticeable “pinching” hysteresis curves [5]. Thus, stiffeners are usually
applied to the thin SPWs to improve their buckling behaviors [6]. According to certain
experiments [7], it was found that the SPWs with flat-bar stiffeners had a considerable
influence on the stiffeners after buckling, resulting in twisting and compressive buckling of
the stiffeners themselves, which seriously harmed and even failed their stiffening effect.
In the Technical Specification for Steel Plate Shear Walls (JGJ/T380-2015) [8], the SPW is
designed to bear only horizontal loads, while the SPW will be subject to vertical load such
as gravity or live load in actual works. For those reasons, some researchers advocated
for the usage of closed form stiffeners to improve the strength and performance of the
stiffeners, and allow the SPW to carry a portion of the vertical load [9–11].

In recent years, several researchers have investigated the behavior of SPWs while
considering the effect of the torsional stiffness of C-shaped stiffeners. Xu et al. [10,12–14]
analyzed the elastic and elastoplastic stability of vertically stiffened SPWs under uniaxial
compression, shear, and their combined action. According to these studies, C-shaped
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stiffeners with higher flexural and torsional stiffness can significantly increase the elas-
tic buckling stress of stiffened plates. Vu et al. [15] carried out the buckling analysis of
transversely stiffened plates under combined bending and shear. The buckling of trans-
versely stiffened corrugated plates was discussed by Feng et al. [16]. Tong and Guo [17]
investigated the buckling behavior of vertically stiffened corrugated plates. Furthermore,
some experts are concerned about plates that have been diagonally stiffened. Mu and
Yang [9] tested the behavior of diagonally stiffened steel plate walls (DS-SPWs) with side
openings. Additionally, the shear buckling behavior and threshold stiffness of DS-SPWs
with C-shaped stiffeners are studied by the finite element method [18]. Yuan et al. [11], and
Martins and Cardoso [19] investigated the elastic shear buckling coefficients for diagonally
stiffened plates.

Figure 1. Unstiffened steel plate wall.

The current research focuses primarily on the buckling behavior of vertically or diag-
onally stiffened plates under pure compression or shear. However, there have been few
investigations on the diagonally stiffened plate under combined action. In this paper, the
influence of the aspect ratio of the plate, the torsional and flexural stiffness of the stiffeners,
and a load of combined shear and non-uniform compression on the elastic buckling be-
havior of the DS-SPWs is investigated. In addition, the formula for the threshold stiffness
of the DS-SPWs is established for engineering design, considering the torsional stiffness
of stiffeners.

2. Elastic Buckling Coefficient and Interaction Formula

2.1. Elastic Buckling Stresses for Unstiffened Plate

Timoshenko and Gee [20] initially researched the elastic stability of unstiffened plates
and found that the aspect ratio γ significantly has a substantial impact on the critical buck-
ling stress τcr of the structure, as stated in Equations (1) and (2). The buckling coefficients
for a four-edge simply supported plate under shear are calculated by Equations (3) and
(4) [21]. The buckling coefficients of a four-edge simply supported plate under bending are
approximated by Equation (5) [22].

γ =
L
H

(1)

τcr =
kcrπ2D

H2t
, where D =

Et3

12(1 − ν2)
, ν = 0.3 (2)

kcr = 5.34 + 4/γ2 (L ≥ H) (3)

kcr = 4 + 5.34/γ2 (L ≤ H) (4){
kcr = 15.87 + 1.87/γ2 + 8.6γ2 (γ < 2/3)
kcr = 23.9 (γ ≥ 2/3)

(5)
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where L, H, and t is the length, height, and thickness of the plate, respectively; D is the
flexural rigidity of the plate; E is elastic modulus of the plate; kcr is the elastic buckling
coefficient; and ν is Poisson’s ratio.

2.2. Interaction Formula of Unstiffened Plate

Tong [23] analyzed the buckling stability of a four-edge simply supported plate under
combined shear and non-uniform compression, giving the interaction formula for plate
combined action of axial compression, bending, and shear as Equation (6). The non-uniform
compression can be split into a combined action of bending and axial compression. The
non-uniform compression distribution factor ζ and the compression-to-shear ratio δ are
defined in Equations (8) and (9), respectively. Then, the elastic buckling coefficient k of
the plate under combined action can be solved by Equation (10), which is obtained from
Equations (2) and (6)–(9).

σ

σcr
+

(
σb

σbcr

)2
+

(
τ

τcr

)2
= 1 (6){

σ = (1 − 0.5ζ)σmax
σb = 0.5ζσmax

(7)

ζ =
σmax − σmin

σmax
(8)

δ =
σmax

τ
(9)

(1 − 0.5ζ)δk
kσ,cr

+

(
0.5ζδk
kσb,cr

)2
+

(
k

kτ,cr

)2
= 1 (10)

2.3. Elastic Buckling Coefficient of Diagonally Stiffened Plate in Single Load Action

Mikami et al. [22] used the finite difference method to analyze the buckling behavior
of the diagonally stiffened plates. The shear buckling coefficient for the diagonally stiffened
plate, which is a four-edge simply supported plate stiffened over the compression and
tension diagonal, is given as Equation (11). Moreover, the buckling coefficient of the diago-
nally stiffened plate in bending and axial compression can be calculated by Equations (12)
and (13), respectively.{

kcr = 11.9 + 10.1/γ + 10.9/γ2 compression
kcr = 17.2 − 22.5/γ + 16.7/γ2 tension

(11)

kcr = 22.5 + 4.23γ + 2.75γ2 (12)

kcr = −1.2 + 5.5γ + 5.5γ2 (13)

3. Description of Numerical Model

A diagonally stiffened plate with C-shaped stiffeners, as illustrated in Figure 2, where
b is the height of the flange of C-shaped stiffener, bs is the width of the web of C-shaped
stiffener, and ts is the thickness of C-shaped stiffener.

3.1. Definition of Parameters

The stiffener-to-plate flexural stiffness ratio η is used to measure the relationship
between the flexural stiffness of the stiffener and the plate, as shown in Equation (14).
The stiffener’s torsional-to-flexural stiffness ratio K is defined as Equation (15). When the
C-shaped stiffeners are arranged on both sides of the plate, the moment of inertia Is and
torsional constant Js of the stiffeners are calculated by Equations (16) and (17), respectively.
Thus, K in Equation (15) is a function with factors of bs and b. In this paper, bs is taken as a
constant of 100 mm, and K is changed by varying b, as shown in Table 1.
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Figure 2. Diagonally stiffened steel plate walls.

η =
Es Is

DLe
, where Le = H sin αs + L cos αs (14)

K =
Gs Js

Es Is
=

4b2
s

2(1 + ν)(bs + 2b)
(

bs +
2b
3

) (15)

Is =
2b3ts

3
+ b2bsts (16)

Js = 2
b2(2bs)

2t2
s

2bts + bsts
(17)

where αs is the inclination angle of the plate’s diagonal; Gs and Es are the shear modulus
and elastic modulus of the stiffeners, respectively.

Table 1. The Values of Stiffener’s Torsional-to-Flexural Stiffness Ratio K.

Parameter Value

b/mm 25 50 75 100 125 150
K 0.879 0.577 0.410 0.307 0.240 0.192

This paper investigates the effects of four parameters on the buckling behavior of the
diagonally stiffened plates, including the non-uniform compression distribution factor ζ,
the compression-to-shear ratio δ, the stiffener’s torsional-to-flexural stiffness ratio K, and
the stiffener-to-plate flexural stiffness ratio η. SPWs will inevitably be subjected to vertical
pressure in actual projects [24], but still dominated by the shear load. Therefore, ζ ranges
from 0 to 1, δ ranges from 0 to 2, η ranges from 1 to 70, and K is taken according to Table 1.

3.2. Finite Element Model

Three finite element models are established, as displayed in Figure 3. An unstiffened
SPW is used as a validation model in Figure 3a. The stiffened edge of the DS-SPW is
assumed to be simply supported Figure 3b. When the stiffeners are rigid, the out-of-plate
displacement of the stiffened edge is constrained, and the critical buckling stress value of
local buckling can be solved by this model. Figure 3c shows a DS-SPW with C-shaped
stiffeners, which is used for the parametric analysis.
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g

  

(a) (b) (c)  

Figure 3. Finite models of SPWs: (a) SPW, (b) SPW with diagonal simply supported, and (c) SPW
with C-shaped stiffeners.

The plate and the stiffeners are both made of shell element S4R, which is suitable
for analyzing the buckling problems of thin panels with out-of-plane deformations. The
stiffeners are connected to the steel plate by TIE constraints, which are simulated as a
welded connection. To avoid rigid body displacement of the plate, one corner of the plate
is fixed and another corner is simply supported. Out-of-plane deformation of four edges
is constrained to simulate the case of simply supported. The size of the plate is 3000 mm
× 3000 mm × 10 mm (L × H × t), the size of the C-shaped stiffener is 100 mm × 50 mm
× 6 mm (bs × b × ts), and the mesh grid is 50 mm × 50 mm to ensure accuracy and less
time-consuming calculation. The modulus of elasticity of the steel is 206,000 MPa, and
Poisson’s ratio is 0.3. Tangential line loads are applied on the four edges of the plate to
simulate the shear stress. Normal line loads are applied on the top and bottom edges
of the plate to simulate the compressive stress, and the action form of the non-uniform
compression stress can be changed by adjusting the distribution function. The buckling
eigenvalue analysis is carried out to solve the buckling stress of the structure.

3.3. Verification of Boundary Conditions

The plate in an SPW is connected to the boundary elements by the fishplate, and it
is usually assumed that the plate is simply supported on four edges. The elastic shear
buckling coefficient of the plates can be calculated by the equations in Sections 2.1 and 2.3.

Table 2 presents the results of the FE analysis for the unstiffened plate when it is
subjected to shear, axial compression, bending, or their combined action. The theoretical
buckling coefficient k can be calculated from Section 2, then k is substituted into Equation (2)
to obtain the theoretical value of critical buckling stress. Moreover, the critical buckling
stresses of DS-SPWs under single load action are similarly verified by comparing the results
with Equations (11)–(13). The results indicate that the modelling approach is valid and that
it can be utilized to analyze the elastic buckling behavior of the stiffened plate.
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Table 2. Comparison Buckling Stress of Finite Element and Theoretical Formula.

Force Conditions Type ζ δ
σFEA

/MPa
σTH

/MPa
σTH/σFEA

Shear Unstiffened - 0 19.30 19.32 1.001
Axial compression Unstiffened 0 1.0 8.12 8.27 1.018

Non-uniform compression Unstiffened 1.0 1.0 16.05 16.12 1.004
Bending Unstiffened 2.0 1.0 52.83 52.90 1.001

Combinded shear and
non-uniform compression Unstiffened 1.0 1.0 15.99 16.16 1.011

Combinded shear and
non-uniform compression Unstiffened 1.0 0.5 14.37 14.43 1.004

Shear (compression) Diagonally stiffened - 0 63.6 68.0 1.069
Shear (tension) Diagonally stiffened - 0 23.5 23.8 1.013

Bending Diagonally stiffened 2.0 1.0 64.5 63.1 0.978
Axial compressoion Diagonally stiffened 0 1.0 19.6 20.9 1.066

Note: σFEA is buckling stress from FE analysis and σTH is critical buckling stress from theoretical equation.

4. Interaction Curves for Diagonally Stiffened Plate

Using the model in Figure 3b as the base model for the analysis in this section, shear
stress τ is applied on four edges of the diagonally stiffened plate, and non-uniform com-
pression stress σ = ζτ is applied on the top and bottom edges. The critical shear stress τcr of
the diagonally stiffened plate under combined action is determined by analysis results, and
the critical non-uniform compression stress is calculated as σcr = ζτcr. Then, one point on
the interaction curve is obtained as (τcr/τcr0, σcr/σcr0), where τcr0 is the critical stress of the
plate under pure shear and σcr0 is the critical stress of the plate under pure non-uniform
compression. The interaction curves for the diagonally stiffened plate under combined
shear and non-uniform compression can be obtained by varying the compression-to-shear
ratio δ and the non-uniform compression distribution factor ζ.

4.1. Combined Shear and Axial Compression ζ = 0

The non-uniform compression is equal to axial compression when the factor ζ is 0. By
varying the compression-to-shear ratio δ, the interaction curves of the diagonally stiffened
plate under combined shear and axial compression are shown in Figure 4. The aspect ratio
γ of the plate affects the shape of the curves. The interaction curves with different aspect
ratios are close to parabolas. When γ < 1.2, the curve rises and moves away from the origin
point with increasing γ. When 1.2 < γ < 2.0, the curve reaches the outermost circle and
changes insignificantly. When γ > 2.0, the curve moves closer to the origin point with
increasing γ.

γ
γ
γ
γ
γ
γ
γ
γ
γ
γ
γ

σ
σ

τ τ

Figure 4. Interaction curves of diagonally stiffened plate under combined shear and axial compression
ζ = 0.
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4.2. Combined Shear and Non-Uniform Compression 0 < ζ < 2

When the non-uniform compression distribution factor 0 < ζ < 2, the interaction curves
of the diagonally stiffened plate under combined shear and non-uniform compression are
shown in Figure 5. The aspect ratio γ and non-uniform compression distribution factor ζ
affect the shape of the curves. The interaction curves with different aspect ratios are also
close to parabolas. The variation of the interaction curves with different γ is similar to
that of factor ζ = 0. As the factor ζ increases, the peak of the interaction curve gradually
decreases, and the axis of symmetry of the parabola is shifted towards the Y-axis.

   
(a) (b) (c) 
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Figure 5. Interaction curves of diagonally stiffened plate under combined shear and non-uniform
compression: (a) ζ = 0.5, (b) ζ = 1.0, and (c) ζ = 1.5.

4.3. Combined Shear and Bending ζ = 2.0

Mikami et al. [22] used Equation (18) to approximate the interaction curves of the
diagonally stiffened plate under combined shear and bending when the aspect ratio γ of
plate was 1.0. Figure 6 illustrated the interaction curves for various aspect ratios. The
spacing between each curve is small, and the shape of curves is closer to a parabola curve
of which the axis of symmetry is close to the Y-axis. There is still a large difference in
using Equation (18) to approximate the interaction curve. Therefore, a more accurate
approximation curve equation will be given in the following section.(

τ

τcr

)2
+

σb
σbcr

= 1, γ = 1.0 (18)
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τ σ

+

Figure 6. Interaction curves of diagonally stiffened plate under combined shear and bending.
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4.4. Effect of ζ on Interaction Curves

Taking the plate with an aspect ratio γ of 1.0 as an example, the interaction curves
of the diagonally stiffened plate under combined shear and non-uniform compression
are shown in Figure 7. It can be seen that as ζ increases, the curve gradually converges
to a parabola with the axis of symmetry as the Y-axis, and the curve is closer to the
origin point. The approximate calculation formula Equation (19) is given according to
the variation of the interaction curves. Equation (19) agrees well with the finite element
analysis results, indicating that it can reflect the relationship of the diagonally stiffened
plate under combined shear and non-uniform compression, i.e., the combined action of
shear-bending-axial compression.

[
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− 2

3
ζ

](
τ

τcr

)2
−
[

3
2
− 2

3
ζ

](
τ

τcr

)
+

σ

σcr
+

(
σb

σbcr

) 5
4
= 1, γ = 1.0 (19)
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τ τ

Figure 7. Interaction curves of diagonally stiffened plate under combined shear, axial compression,
and bending (γ = 1.0).

Equation (19) can be written as Equation (20), where kτ,cr, kσ,cr, and kσb,cr are calculated
by Equations (11)–(13). The elastic buckling coefficient k of the diagonally stiffened plate
under combined shear and non-uniform compression can be calculated by solving the
one-variable function of Equation (20).

[
5
2
− 2

3
ζ

](
k

kτ,cr

)2
−
[

3
2
− 2

3
ζ

](
k

kτ,cr

)
+

(1 − 0.5ζ)δk
kσ,cr

+

(
0.5ζδk
kσb,cr

) 5
4
= 1, γ = 1.0 (20)

When δ = 0, the diagonally stiffened plate is under the pure shear, at which point the
theoretical elastic buckling coefficient k is 32.9, as obtained by Equation (11). The result
calculated from Equation (20) is also 32.9. When 0 < δ < 1.0, varying the value of ζ, the
corresponding elastic buckling coefficient k can be found in Table 3.

Table 3. Buckling Coefficients k of the Diagonally Stiffened Plates Under Combined Action (γ = 1.0).

δ ζ = 0 ζ = 0.5 ζ = 1.0 ζ = 1.5 ζ = 2.0

0.25 25.4 26.3 27.3 28.5 30.0
0.5 19.3 20.8 22.4 24.3 26.6

0.75 14.8 16.5 18.4 20.7 23.5
1.0 11.6 13.3 15.3 17.7 20.7
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5. Threshold Stiffness of DS-SPW

Section 4 gives the interaction curves and elastic buckling coefficients of the diagonally
stiffened plate in which the out-of-plane displacement of the stiffened edge is restrained.
In actual engineering, the stiffener is not an ideally rigid body. Thus, the flexural stiffness
of stiffeners is a significant factor in the design of buildings with DS-SPW.

SPWs are inevitably subjected to shear, axial compression, and bending in the building
structures. Their buckling behaviors can be significantly different from those under pure
shear action. The performance of the diagonally stiffened plate under pure shear has been
studied [18]. Furthermore, the effects of the torsional and flexural stiffnesses of stiffeners
on the buckling behavior of the structure under different combined actions are analyzed in
this section.

5.1. Buckling Mode of DS-SPW

By changing the modulus of elasticity of the stiffeners, the value of the stiffener-to-
plate flexural stiffness ratio η is changed without affecting any other parameters. Figure 8
illustrates the curves of τ-η, and the critical local buckling stress is indicated by the blue
horizontal line. The shear buckling stress curves of the plate stiffened over the compression
and tension diagonal are not the same. Combined with the first-order buckling modes
corresponding to different η in Figures 9 and 10, the buckling modes of the tensile and
compressive types can be divided into global buckling, local buckling, and global–local
interaction buckling.

  
(a) (b) 

Figure 8. τ-η curve for DS-SPW with C-shaped stiffeners under shear: (a) compressive type and
(b) tensile type.

=1  =12  =25  =80  
(a) (b) (c) (d) 

Figure 9. Shear buckling mode of SPW with diagonal compression: (a) global buckling at Point A,
(b) local buckling at Point B, (c) local buckling at Point C, and (d) local buckling at Point D.
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(a) (b) (c) (d) 

Figure 10. Shear buckling mode of SPW with diagonal tension: (a) global buckling at Point A,
(b) global–local interaction buckling at Point B, (c) local buckling at Point C, and (d) local buckling at
Point D.

The buckling stress of the plate stiffened over the compression and tension diagonal
increases rapidly as η increases, such as Figure 9a where the global buckling occurs. When
η exceeds the critical local buckling load, local buckling of the steel plate occurs, at which
time the η is called the threshold stiffness ηTH, such as in Figure 9b. It is indicated that the
stiffened plate reaches the minimum η corresponding to local buckling. As η continues
to increase, the buckling stress of the structure has increased, and this increased part of
value is provided by the stiffeners, such as in Figure 9c,d. Therefore, in a DS-SPW, it is
very important to find out the appropriate threshold stiffness ηTH to ensure that the global
buckling of the structure does not occur, and also to make an economical choice of stiffeners.

When the η is very small, the global buckling of the plate stiffened over the compres-
sion and tension diagonal occurs, such as in Figure 10a. With the increase of the η, the local
buckling occurs between the two nodal lines such as Figure 10b. Then, when η exceeds a
certain value, the nodal lines of the plate with γ = 1.0 overlap, decreasing from two to one,
and the local buckling occurs in sub-plate such as Figure 10c. After that, as η continues to
increase, the buckling stress of the structure does not increase.

The τ-η curves of the diagonally stiffened plate under combined action are presented
in Figure 11. Figure 11a shows the plate under combined shear and axial compression with
δ of 0.25, and the key points on the curve are shown in Figure 12. Figure 11b shows the
plate under combined shear and bending with δ of 1.0, and the key points on the curve are
shown in Figure 13. The development of τ-η curves is similar to the plate stiffened over the
compression and tension diagonal under pure shear, and the buckling mode still changes
from global buckling to local buckling with increasing η. Under combined shear and axial
compression action, the local buckling half-wave shifts and is not symmetrical along the
diagonal line. Under combined shear and bending action, the maximum deformation
point shifts to the upper-left corner. The local buckling has only one half-wave and no
antisymmetric half-wave. This is due to the fact that the axial tension force on the right of
plate affects the formation of the local buckling half-wave.

5.2. Buckling Stress of Stiffened Plate under Combined Action

Changing the modulus of elasticity of the stiffeners and the height of flange of the C-
shaped stiffener b varied the value of K without changing other parameters. The C-shaped
stiffener has a large torsional stiffness, which obviously affects the elastic buckling stress of
the stiffened plate. Figure 14 shows the normalized buckling stress τcr/τcr0 corresponding
to different K, ζ, and δ. The following regularities can be obtained from Figure 14: (1) When
ζ and δ remain constants, the buckling stress of the structure keeps increasing as K increases.
(2) When ζ remains constant, the buckling stress of the structure keeps decreasing as δ
increases. (3) When δ remains constant, the buckling stress of the structure keeps increasing
as ζ increases. In brief, the K and ζ are positive for improving the elastic buckling stress of
stiffened plate, while δ is negative.
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Figure 11. τ-η curve for DS-SPW with C-shaped stiffeners under combined action: (a) ζ = 0 δ = 0.25
and (b) ζ = 2.0 δ = 1.0.

    
(a) (b) (c) (d) 

Figure 12. Combined shear and axial compression buckling mode of SPW with diagonal compression:
(a) ζ = 0 δ = 0.25, (b) global buckling at Point A, (c) local buckling at Point B, and (d) local buckling at
Point C.

    
(a) (b) (c) (d) 

Figure 13. Combined shear and bending buckling mode of SPW with diagonal compression:
(a) ζ = 2.0 δ = 1.0, (b) global buckling at Point A, (c) local buckling at Point B, and (d) local buckling
at Point C.
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Figure 14. η-τcr curves of DS-SPW (γ = 1.0): (a) ζ = 0, (b) ζ = 0.5, (c) ζ = 1.0, (d) ζ = 1.5, and (e) ζ = 2.0.
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5.3. Threshold Stiffness

The intersection of the critical buckling stress and the η-τcr curve is the threshold
stiffness ηTH. Then, the threshold stiffness corresponding to different K, ζ, and δ is shown
in Figure 15.
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Figure 15. K-ηTH curves of DS-SPW (γ = 1.0): (a) ζ = 0, (b) ζ = 0.5, (c) ζ = 1.0, (d) ζ = 1.5, and (e) ζ = 2.0.

With the increase of K, the threshold stiffness tends to decrease, indicating that increas-
ing the K of the stiffeners can reduce the requirement of flexural stiffness of the stiffeners.
The height of the stiffeners is higher with a lower value of K, so the stiffeners themselves
are more likely to twist. Therefore, a higher flexural stiffness of the stiffener is required.
According to the analysis under pure shear, the K of the stiffener is recommended to be not
less than 0.3 [18].
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Using δ = 0 as a reference line (i.e., the threshold stiffness of the stiffened plate under
pure shear), as δ increases, the threshold stiffness of the structure does not change in
the same trend. When ζ = 0, the threshold stiffness is maximum at δ of 0.5. That is, the
threshold stiffness of the structure is maximum when the plate is under combined shear
and axial compression. At this time, the threshold stiffness is increased by about 40%
compared to the pure shear state. Therefore, if an SPW is subjected to a combination of
shear and axial compression in practice, the threshold stiffness obtained from plate under
pure shear is on the low side and the structure will occur global buckling instead of local
buckling. The threshold stiffness curve of the combined action tends to decrease as ζ
increases. When ζ = 0.5, it basically overlaps with the threshold stiffness curve of pure
shear. When 1.0 < ζ < 2.0, the threshold stiffness curve of joint action is below the threshold
stiffness curve of pure shear. In this case, taking the plate under pure shear as the threshold
stiffness is on the safe side.

The most unfavorable action is the combination of axial compression and shear. The
threshold stiffness requirement can be satisfied by considering this case only during the
design. For diagonally stiffened plates in pure shear or 1.0 < ζ < 2.0, the threshold stiffness
can be calculated according to Equation (21). For 0 < ζ < 1.0, the threshold stiffness can be
calculated according to Equation (22), and the results obtained are safe.

ηTH = −8 + 15.7/K0.5, ζ = 0 (21)

ηTH = −2 + 15.7/K0.5, ζ ≤ 1.0 (22)

6. Conclusions

In this study, a diagonally stiffened steel plate wall (DS-SPW) with C-shaped stiffeners
is presented and elastic eigenvalue buckling calculations are performed using ABAQUS
software to analyze the buckling stresses and buckling modes of DS-SPW under combined
shear and non-uniform compression. The accuracy of the performance of the numerical
model is first verified with the four-sided simply supported rectangular plate and the
diagonally stiffened plate. The parameters, such as the compression-to-shear ratio, the non-
uniform compression distribution factor and the stiffener’s torsional-to-flexural stiffness
ratio, and the elastic buckling performance of the stiffened plates, are changed to carry out
a large number of numerical models for DS-SPWs, and the elastic buckling performance
of diagonally stiffened plates under combined shear and non-uniform compression is
investigated. Considering the torsional stiffness of C-shaped stiffeners, the formula of
threshold stiffness, which is the minimum stiffness of stiffeners required for a stiffened
plate from overall buckling to local buckling, is proposed. The main results of the study are
as follows.

(1) The elastic buckling behavior of the diagonally stiffened plate under combined shear
and non-uniform compression is analyzed. The interaction curves of a plate under
combined action are parabolic, and the aspect ratio γ and the non-uniform compres-
sion distribution factor ζ obviously affect the shape of the parabolas. The larger the
factor ζ is, the more the parabola moves toward the origin point and the axis of sym-
metry of the parabola is closer to the Y-axis. As the aspect ratio increases 0.4 < γ < 1.2,
the interaction curve moves away from the origin point; when the aspect ratio con-
tinues to increase 1.2 < γ < 2.0, the interaction curve is closer to the origin point, and
the change is not obvious; as the aspect ratio continues to increase 2.0 < γ < 4.0, the
curve moves closer to the origin point. When γ = 1.0, the interaction equations of
diagonally stiffened plate combined shear and non-uniform compression, considering
the non-uniform compression distribution factor ζ and the compression-to-shear ratio
δ, are given; moreover, the equation of critical elastic buckling coefficient of that are
also given;

(2) The effect of stiffener’s torsional-to-flexural stiffness ratio K on the elastic buckling
stresses of stiffened plates is investigated. With the increase of the stiffener-to-plate
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flexural stiffness ratio η, the buckling stress of the stiffened plate with diagonal
tension increases rapidly and then tends towards a certain value. The buckling stress
of the stiffened plate with diagonal compression increases with η, which is due to
the diagonal stiffeners assuming the role of compression bars. As K and ζ increase,
the buckling stress of the structure increases, whereas, an increase in δ decreases the
buckling stress of the structure;

(3) The effects of ζ, K, and δ on the threshold stiffness ηTH are analyzed. The threshold
stiffness of the structure decreases when K and ζ increase. When 1.0 < ζ < 2.0, increas-
ing δ can reduce the threshold stiffness of the structure, at which time the threshold
stiffness under combined action is lower than that under pure shear action. When
ζ = 0, the threshold stiffness of the structure under the combined axial compression
and shear is 40% higher than that under pure shear. At this time, if the threshold
stiffness in pure shear will not ensure that the structure meets the requirements of the
critical local buckling stress, the global buckling will occur and it is unsafe. Therefore,
the calculation of threshold stiffness is given in favor of safety.
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Abstract: In this study, data analysis was performed using an artificial neural network (ANN) ap-
proach to investigate the effect of the chemical composition of welds on their mechanical properties
(yield strength, tensile strength, and impact toughness). Based on the data collected from previously
performed experiments, correlations between related variables and results were analyzed and predic-
tive models were developed. Sufficient datasets were prepared using data augmentation techniques
to solve problems caused by insufficient data and to make better predictions. Finally, closed-form
equations were developed based on the predictive models to evaluate the mechanical properties
according to the chemical composition.

Keywords: data analysis; artificial neural network (ANN); chemical composition of welds; data
augmentation technique

1. Introduction

As welding is applied in almost all industrial fields, it is crucial in modern industries.
Numerous studies have been conducted to improve the quality of weldments. The quality
of a weld depends on its mechanical properties such as yield and tensile strengths, im-
pact toughness, and hardness. These properties are determined by parameters such as
chemical composition, microstructure, heat input, interpass temperature, and preheating
temperature [1].

In terms of the microstructure, acicular ferrite (AF) is formed at a low heat input with
a fast cooling rate, improving the low-temperature toughness. It grows in the form of laths
and plates, and is formed in an interlocking structure, which prevents crack propagation.
As the AF fraction increases, the strength also increases. Grain boundary ferrite (GBF)
with large grain sizes is frequently generated at a slow cooling rate, which is a condition
of high heat input. Ferrite side plates (FSPs) consist only of the boundary between laths
grown in the same direction at the austenite grain boundary. Both GBF and ESPs have a
significant adverse effect on toughness owing to their low crack resistance [1,2]. In addition,
martensite–austenite (M–A) constituents, which are frequently generated in high heat
input welding, are microstructures that adversely affect the transition temperature as their
fraction is increased [3].

In terms of welding conditions, the higher the interpass temperature, the slower the
cooling rate and the lower the AF fraction. Therefore, the tensile and yield strengths
decrease, and the transition temperature also tends to decrease. In the case of a large heat
input, the AF fraction decreases, and the tensile and yield strengths decrease. However,
in the case of an excessively low heat input, the impact toughness is adversely affected;
therefore, an appropriate amount of heat should be inputted [4–6].

Thus far, numerous studies have been conducted to determine the effect of chemical
composition on mechanical properties.
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Shao et al. [7] studied the effect of chemical composition on the fracture toughness of
bulk metallic glasses. Balaguru et al. [8] studied the effect of weld metal composition on the
impact toughness properties of SMAW-welded ultrahigh hard armor steel joints. Glover
et al. [4] studied the effect of cooling rate and chemical composition on the microstructure
of weld joints of C–Mn and HSLA steels. Takashima and Minami [9] predicted the Charpy
absorbed energy of steel for welded structures in the ductile–brittle transition temperature
(DBTT) range. Jorge et al. [10] reviewed the relationship between the microstructure and
the impact toughness of C–Mn and high-strength low-alloy steel weld metals based on
the work of Evans and Bailey [1]. Khalaj and Poraliakbar [11,12] predicted the effects of
chemical composition and heat treatment on the phase transformation of microalloy steel
using ANN models to estimate the bainite fraction using the austenitization temperature as
a parameter. Pak et al. [13] predicted the impact toughness change owing to the interlayer
temperature and Ni and Mn concentrations using ANN models. Jung et al. [14] predicted
the yield strength, ultimate tensile strength, and high-strength yield for various microstruc-
tures by means of soft magnetic wave linear regression and ANN-based algorithms. He
et al. [15] devised a physical model to predict the yield stress of bainitic steel by dislo-
cation strengthening and lath boundary strengthening based on the correlation between
dislocation density, lath thickness, and yield stress.

Whereas numerous studies have been carried out on the effect of chemical composition
on mechanical properties of weld metals, most of the studies were limited to specific
conditions or chemical components. There are few studies that formulate experimental
results for various chemical components so that their effects can be simply presented.
Therefore, it is worthwhile to propose closed-form equations developed by a statistical
method.

In this study, artificial neural networks (ANNs), a field of machine learning, were used
to determine the effect of chemical composition on mechanical properties (yield strength,
tensile strength, and impact toughness). Based on the collected data, correlations between
the related variables and the results were analyzed, and a predictive model was developed.
The experimental results were extracted from Evans and Bailey [1], and a sufficient dataset
was prepared using a data augmentation technique to make better predictions. Finally,
closed-form equations were developed based on the predictive models to evaluate the
mechanical properties according to the chemical composition.

2. Data Collection and Augmentation

2.1. Data Collection

In this study, experimental data were extracted from Evans and Bailey [1] to under-
stand changes in the mechanical properties with respect to the chemical composition. Mn,
which is known to improve the strength significantly, was used as the base. Next, results
of experiments on the yield strength, tensile strength, and impact toughness according
to the increase in the content of each alloying element were analyzed. To evaluate the
impact toughness, the Charpy V-notch (CVN) transition temperature at 100 J was applied,
hereinafter referred to as the CVN temperature.

Figure 1a,b shows the shape of the weld used in this study and the sampling method of
the specimen. Shielded metal arc welding (SMAW) was applied as the welding technique.
The base material and the electrode were welded by using the arc heat generated between
a coated electrode and a metal. Herein, ISO 2560:2020, the welding standard for mild steel
and low-alloy steel, was applied [16].

The welding electrode was manufactured using the standard technique for a 25%
iron powder-coated electrode, and all components were kept constant, except for the
components used in the investigation. The automatic spectrographic (ICP-AES) technique
was applied for chemical composition analysis. All the core wires of the welding electrode
had similar typical compositions of 0.07 C, 0.50 Mn, 0.008 Si, 0.006 S, 0.008 P, 0.02 Cr,
0.003 Mo, 0.03 Ni, 0.02 Cu, 0.0004 Ti, 0.0015 Al, 0.0005 Nb, 0.0005 V, 0.0002 B, 0.02 O, and
0.0025 N (wt%).
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(a) (b) 

Figure 1. Test assembly for extraction of test pieces: (a) disposition of weld runs; (b) sample extraction
overview adapted from [1].

The weldment was performed in three beads per layer, as shown in Figure 1a. Two
20 mm-thick mild steel plates were attached to a backing strip, and a jig in a flat (downhand)
position with a stringer bead was welded. The root gap size was designed to be 16 mm as
shown in Figure 1b. Welding conditions were applied such that the current was 170 A, the
voltage was 21 V, the interpass temperature was maintained at 200 ◦C, and the welding
speed was adjusted so that the heat input was 1 kJ/mm. For the interpass temperature,
the maximum interpass temperature suitable for welding short blocks in ISO 2560:2020
was applied.

The cross section of the panel after welding is shown in Figure 1b. The mechanical
properties were tested under ‘as-welded’ conditions, and the specimens for tensile testing
were heated at 250 ◦C for 14 h to remove diffusive hydrogen. Duplicate tests were conducted
with ISO 6892 standard specimens using a gauge with a length of 500 mm and a diameter
of 5 mm in a direction parallel to the welding direction.

In the case of metals, the fracture behavior varies from ductile to brittle as the temper-
ature changes from high to low. This change in the fracture mode depends on the material
ability to absorb fracture energy. Evans and Bailey [1] conducted an impact toughness
test using a CVN impact test, and the specimen was manufactured by machining an axis
perpendicular to the welding direction and a notch perpendicular to the plate surface, as
shown in Figure 1b. The CVN impact test followed the E23 test procedure of the American
Society for Testing Materials (ASTM). Figure 2 shows a typical CVN impact energy curve
with respect to the temperature. As shown in Figure 2, the curve is divided into three re-
gions: the upper shelf, lower shelf, and transition. The upper shelf region is a ductile region,
the lower shelf is a brittle region, and the transition region is a reference temperature for
defining the failure mode as the DBTT. The Charpy impact toughness is generally evaluated
based on the transition temperature when absorbing 28 J and 100 J impact energies. In this
study, we applied only 100 J of impact energy from a conservative point of view. The 100 J
transition temperature data used in this study were obtained from the impact energy and
temperature curves obtained through 36 impact tests for each composition condition.

Table 1 shows the composition of the weld metal with varying alloy and Mn content
used in this study. Nominal Mn contents of 0.6%, 1.0%, 1.4%, and 1.8% were used, and for
each Mn content, three to five varying contents of each element were tested. Table 2 shows
typical compositions, except for the elements under investigation.
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(a) (b) 

Figure 2. (a) CVN impact energy versus temperature and ductile–brittle transition temperature
(DBTT); (b) comparison of materials A and B adapted from [17].

Table 1. Composition of the weld metal with varying alloy and Mn contents data adapted from [1].

Mn C Si Cr Ni Mo O V Nb

0.6

0.04 0.20 0.25 0.50 0.0 0.03 0.0004 0.0004
0.06 0.40 0.50 1.0 0.25 0.037 0.02 0.01
0.10 0.60 1.0 2.25 0.50 0.045 0.04 0.02
0.15 0.90 2.3 3.5 1.1 - 0.06 0.045

- - - - - - 0.08 0.09

1.0

0.04 0.20 0.25 0.50 0.0 0.03 0.0004 0.0004
0.06 0.40 0.50 1.0 0.25 0.037 0.02 0.01
0.10 0.60 1.0 2.25 0.50 0.045 0.04 0.02
0.15 0.90 2.3 3.5 1.1 - 0.06 0.045

- - - - - - 0.08 0.09

0.04 0.20 0.25 0.50 0.0 0.03 0.0004 0.0004
0.06 0.40 0.50 1.0 0.25 0.037 0.02 0.01

1.4 0.10 0.60 1.0 2.25 0.50 0.045 0.04 0.02
0.15 0.90 2.3 3.5 1.1 - 0.06 0.045

- - - - - - 0.08 0.09

0.04 0.20 0.25 0.50 0.0 0.03 0.0004 0.0004
0.06 0.40 0.50 1.0 0.25 0.037 0.02 0.01

1.8 0.10 0.60 1.0 2.25 0.50 0.045 0.04 0.02
0.15 0.90 2.3 3.5 1.1 - 0.06 0.045

- - - - - - 0.08 0.09

Table 2. Typical composition except for the elements under investigation data adapted from [1].

C Si Cr Ni Mo O V Nb S P N Cu Ti Al B

Mn–C - 0.30 0.03 0.03 0.005 0.049 0.012 0.002 0.006 0.013 0.007 0.03 0.0055 0.0005 0.0002
Mn–Si 0.066 - 0.03 0.03 0.005 0.04 0.012 0.002 0.006 0.013 0.006 0.03 0.0055 0.0005 0.0002
Mn–Cr 0.046 0.32 - 0.03 0.005 0.04 0.012 0.002 0.006 0.013 0.006 0.03 0.0055 0.0005 0.0002
Mn–Ni 0.045 0.32 0.03 - 0.005 0.04 0.012 0.002 0.006 0.013 0.006 0.03 0.0055 0.0005 0.0002
Mn–Mo 0.043 0.33 0.03 0.03 - 0.04 0.012 0.002 0.006 0.013 0.006 0.03 0.0055 0.0005 0.0002
Mn–O 0.078 0.32 0.03 0.03 0.005 - 0.012 0.002 0.006 0.008 0.007 0.03 0.0005 0.0005 0.0002
Mn–V 0.076 0.31 0.03 0.03 0.005 0.042 - 0.0006 0.007 0.006 0.008 0.03 0.0032 0.0005 0.0002

Mn–Nb 0.076 0.32 0.03 0.03 0.005 0.042 0.0007 - 0.007 0.006 0.009 0.03 0.0036 0.0005 0.0002
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2.2. Data Augmentation

A sufficiently large dataset is required for accurately determining the relationship
between the input and the output because the ANN is a data-driven approach. However,
the amount of publicly available data on changes in mechanical properties with respect
to weld chemical composition is small. Although experiments have been conducted in a
large number of studies, it is difficult to create a single dataset owing to different welding
methods and conditions. Although the data by Evans and Bailey [1] applied in this
study are relatively diverse and provide many experimental results, the amount of data
for individual experiments is still insufficient, which may lead to inaccurate predictions.
Therefore, in this study, the amount of initial input data was increased by applying a data
augmentation technique.

Figure 3 shows an example of the data augmentation applied in this study. There are
only four Mn test data points for the 0.04 C condition. Because the amount of data is small
and the trends are different, training the ANN directly may cause an inaccurate fitting
or overfitting. Therefore, the test data (asterisks in Figure 3) were first plotted for each
condition, and then, nonlinear regression was performed with a line that expressed the test
data as good as possible. Finally, ten additional data points (circles in Figure 3) were added
to the regression line. Although scatter exists owing to the nature of the experimental data,
it is expected that a predictive model with better performance can be generated because
the finely tuned data after direct fitting are used for model training.

(a) (b) 

(c) (d) 

0.5 1 1.5 2
Mn [wt%]

-70

-60

-50

-40

-30

-20

-10
Mn-0.04C

Test data
Augmented data
Regression of augmented data

0.5 1 1.5 2
Mn [wt%]

-70

-60

-50

-40

-30

-20

-10
Mn-0.06C

Test data
Augmented data
Regression of augmented data

Figure 3. Example of data augmentation: (a) Mn–0.04C; (b) Mn–0.06C; (c) Mn–0.10C; and (d) Mn–
0.15C.
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3. Development of Closed-Form Equations Using the ANN Model

3.1. ANN Model

As shown in Table 1, in this study, we intended to create ANN models that can predict
mechanical properties of welds using two variables (chemical compositions). If only one
output is obtained from two inputs, multivariate nonlinear regression can be applied
because it can be expressed in three dimensions. However, it is difficult to use the existing
statistical method to create a model that calculates three outputs (yield strength, tensile
strength, and 100 J Charpy temperature) simultaneously. Therefore, it is required to apply
the ANN, which is a machine-learning approach that can effectively express multivariate
nonlinear systems. The ANN has no limit to the number of input or output variables. If
an appropriate structure is used, multiple outputs can be simultaneously derived from
multiple inputs.

Figure 4 shows the structure of the ANN model used in this study. This neural net-
work had one input layer, one hidden layer, and one output layer. In the figure, the circle
represents the node constituting each layer, and the connecting line represents the weight
and the bias representing the relationship between each node. Two input vectors (for
example, the content of Mn and the content of C) are fed into the input layer and the output
vectors (yield strength, tensile strength, and 100 J Charpy transition temperature) are fed
into the output layer. Weights and biases between each node are calculated according to
the predetermined ANN model structure. Because the number of hidden layer nodes deter-
mines the nonlinearity of the entire system, it should be optimized for the corresponding
system. That is, too few nodes result in high computation speed but poor accuracy, and
many nodes can lead to overfitting and slow computation.

Figure 4. Basic structure of the ANN model applied in this study.

In this study, the number of nodes in the hidden layer was determined using a case
study, as shown in Figure 5. For each model, from two to five hidden layer nodes were tested
based on the prediction performance. It was observed that the results almost converged if
the number of hidden layer nodes exceeded two. Therefore, in consideration of efficiency,
three nodes were selected for the hidden layer. The prediction performance was evaluated
using the Pearson correlation coefficient between the predicted and target values. That is,
the closer it is to one, the better the prediction result.
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Figure 5. Sensitivity study for determining the number of hidden layer neurons.

Equation (1) presents the ANN model applied in this study in the matrix form: ‘tanh’
was used as the activation function for the nonlinearity of the model and the backpropaga-
tion algorithm was applied for weight and bias optimization. For the calculation efficiency,
all values applied to the calculation were normalized between −1 and 1, as in Equation (2).
Therefore, the final derived outputs should be denormalized using Equation (1).

{y} = {s}+ [W]Ttanh([U]{P}+ {b}), (1)

XN = 2 ×
[

XR − Xmin
Xmax − Xmin

]
− 1, (2)

where XN is the normalized value and XR is the original value. Xmax and Xmin are the
maximum and minimum values of XR, respectively.

To evaluate the performance of the trained model, 15% of the original dataset was
used as a test dataset. That is, 85% of the total dataset was used for model training and 15%
was used for model evaluation. Moreover, out of 85%, 15% was again separated and used
for model validation to prevent data overfitting [18]. In summary, the original dataset was
divided into training, validation, and testing sets, as illustrated in Figure 6.

Figure 6. Data splitting ratio.

Figure 7a,b shows the model performances at the training and testing stages in the
Mn–C model, respectively, and Figure 7c presents the performance after combing these two
stages. Here, the x-axis represents the target value, and the y-axis represents the predicted
value. R represents the Pearson correlation coefficient. Table 3 shows R values for all
models. As a result, it can be seen that all models show high prediction accuracy.
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Figure 7. Prediction performances: (a) training stage; (b) validation stage; (c) combination of the
training and validation stages.

Table 3. Tested R value for each model.

Mn–C Mn–Si Mn–Cr Mn–Ni Mn–Mo Mn–O Mn–V Mn–Nb

0.98959 0.98922 0.99215 0.99525 0.98821 0.99358 0.99334 0.99430

3.2. Closed-Form Equations

The previous section discussed the ANN model development for predicting the
mechanical properties according to changes in the content of Mn and other compositions.
Developing an ANN model is the process of deriving the connection between each node,
that is, weight and bias, as shown in Equation (1), through the ‘learning’ process based on
the given data. Therefore, it is possible to use Equation (1) with the calculated weights and
biases as a closed-form equation. We prepared the ANN models for each case derived in
this study using Equation (3). The models for all eight cases, as summarized in Table 1,
are presented in the matrix form. For example, n = 1 represents a model for Mn–C, and
n = 2 represents Mn–Cr. To calculate the CVN temperature, yield strength, and tensile
strength according to the Mn–C content, the Mn and C contents are entered into the P1
vector. Each value of the y1 vector is then calculated through a matrix operation. However,
because these values are normalized, as mentioned in Section 3.1, the input values should
be normalized first before applying Equation (3). The values required for normalization are
listed in Table 4. The final calculated y1 must be denormalized again to convert it to the
original scale.

{yn} = {sn}+ [Wn]
Ttanh([Un]{Pn}+ {bn}), n = 1 ∼ 8 (3)
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{y1} =

⎧⎨⎩
TempMnC

YSMnC
TSMnC

⎫⎬⎭, {s1} =

⎧⎨⎩
1.049636
0.233576
0.241714

⎫⎬⎭, [W1] =

⎡⎣ 1.010525
−0.284486
−0.406651

0.635715
1.199921
1.102196

0.773552
−0.18018
−0.02591

⎤⎦,

[U1] =

⎡⎣ −0.86956
0.51526
−1.05571

−0.64436
0.45486
0.46409

⎤⎦,{P1} =

{
Mn
C

}
,{b1} =

⎧⎨⎩
−0.93884
−0.69465
−0.66777

⎫⎬⎭
{y2} =

⎧⎨⎩
TempMnCr

YSMnCr
TSMnCr

⎫⎬⎭, {s2} =

⎧⎨⎩
1.311486
−0.06367
−0.05746

⎫⎬⎭, [W2] =

⎡⎣ 1.872796
0.000750
0.004089

0.87106
−0.014840
−0.000017

−2.98703
3.639551
3.643273

⎤⎦,

[U2] =

⎡⎣ 1.186769
−1.36505
0.163576

0.603857
0.914433
0.113679

⎤⎦, {P2} =

{
Mn
Cr

}
, {b2} =

⎧⎨⎩
−0.92949
−0.71739
0.016649

⎫⎬⎭
{y3} =

⎧⎨⎩
TempMnNi

YSMnNi
TSMnNi

⎫⎬⎭, {s3} =

⎧⎨⎩
1.951395
−0.02477
−0.99595

⎫⎬⎭, [W3] =

⎡⎣ 1.72015
−0.55666
−0.75407

−0.25232
−1.45942
−0.81762

−2.50412
−0.39684
−0.54086

⎤⎦,

[U3] =

⎡⎣ −0.63435
−0.34123
−0.77397

−0.28357
0.025948
−0.35558

⎤⎦, {P3} =

{
Mn
Ni

}
, {b3} =

⎧⎨⎩
−0.69519
0.014862
0.921754

⎫⎬⎭
{y4} =

⎧⎨⎩
TempMnSi

YSMnSi
TSMnSi

⎫⎬⎭, {s4} =

⎧⎨⎩
0.024837
−0.01735
0.168692

⎫⎬⎭, [W4] =

⎡⎣ 1.039145
−0.22634
−0.01153

−0.09436
−1.59469
−2.00920

0.047961
−0.35168
−0.17194

⎤⎦,

[U4] =

⎡⎣ −1.08566
−0.32260
−0.32434

0.581902
−0.14604
−1.23222

⎤⎦, {P4} =

{
Mn
Si

}
, {b4} =

⎧⎨⎩
−0.38397
0.140286
−1.27282

⎫⎬⎭
{y5} =

⎧⎨⎩
TempMnMo

YSMnMo
TSMnMo

⎫⎬⎭, {s5} =

⎧⎨⎩
1.057515
−0.03976
−0.03826

⎫⎬⎭, [W5] =

⎡⎣ −0.99300
−0.78631
−0.85297

−1.49291
0.499370
0.472669

1.051739
0.429281
0.406191

⎤⎦,

[U5] =

⎡⎣ −0.03755
0.992052
1.084931

−0.49507
0.111495
0.121627

⎤⎦, {P5} =

{
Mn
Mo

}
, {b5} =

⎧⎨⎩
−0.00999
0.779431
−0.82102

⎫⎬⎭
{y6} =

⎧⎨⎩
TempMnO

YSMnO
TSMnO

⎫⎬⎭, {s6} =

⎧⎨⎩
1.077799
0.067542
0.067552

⎫⎬⎭, [W6] =

⎡⎣ 2.043723
0.768526
0.768559

−0.59919
1.142815
1.142852

−0.19960
0.213232
0.213249

⎤⎦,

[U6] =

⎡⎣ 1.049968
0.833696
−0.13802

0.121991
0.110389
−0.71512

⎤⎦, {P6} =

{
Mn
O

}
, {b6} =

⎧⎨⎩
−1.08092
0.556272
−0.18993

⎫⎬⎭
{y7} =

⎧⎨⎩
TempMnV

YSMnV
TSMnV

⎫⎬⎭, {s7} =

⎧⎨⎩
3.559261
−0.315284
−0.319956

⎫⎬⎭, [W7] =

⎡⎣ 1.958502
−0.18359
−0.22796

−2.09365
1.548604
1.513895

2.507940
0.480616
0.500507

⎤⎦,

[U7] =

⎡⎣ −0.81832
0.335151
0.865442

0.358623
0.280673
0.267847

⎤⎦, {P7} =

{
Mn
V

}
, {b7} =

⎧⎨⎩
−0.94493
0.428865
−1.24693

⎫⎬⎭
{y8} =

⎧⎨⎩
TempMnNb

YSMnNb
TSMnNb

⎫⎬⎭, {s8} =

⎧⎨⎩
−0.22090
−0.31089
−0.28607

⎫⎬⎭, [W8] =

⎡⎣ 0.769446
0.724100
0.667899

−1.06027
−1.66486
−1.79086

0.724919
−0.02200
0.005047

⎤⎦,

[U8] =

⎡⎣ −0.00234
−0.29114
−1.43752

1.101230
−0.08185
0.558518

⎤⎦, {P8} =

{
Mn
Nb

}
, {b8} =

⎧⎨⎩
1.016240
0.006815
−0.26343

⎫⎬⎭
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Table 4. Reference values for normalization and denormalization.

Min. Value Max. Value Unit

Mn 0.6 1.8 wt%
C 0.04 0.15 wt%
Si 0.2 0.9 wt%
Cr 0.25 2.3 wt%
Ni 0.5 3.5 wt%
Mo 0 1.1 wt%
O 0.03 0.045 wt%
V 0.0004 0.08 wt%

Nb 0.0004 0.09 wt%

Mn–C
Temp. −64.91 −16.29 ◦C

YS 389 626 MPa
TS 435 711.67 MPa

Mn–Si
Temp. −66.25 −2.56 ◦C

YS 364 587 MPa
TS 427 665 MPa

Mn–Cr
Temp. −53.31 33.19 ◦C

YS 416 743 MPa
TS 482 797 MPa

Mn–Ni
Temp. −62.62 69.39 ◦C

YS 391 589 MPa
TS 458 683 MPa

Mn–Mo
Temp. −54.93 16.16 ◦C

YS 372 736 MPa
TS 430 796 MPa

Mn–O
Temp. −65.47 25.86 ◦C

YS 378 468 MPa
TS 467 560 MPa

Mn–V
Temp. −69.74 −21.27 ◦C

YS 366 648 MPa
TS 459 685 MPa

Mn–Nb
Temp. −66.45 15.50 ◦C

YS 384 682 MPa
TS 475 729 MPa

4. Model Performance Estimation and Discussion

The results calculated using the ANN model (Equation (3)) were compared with the
original test data to estimate the model performance. Figures 8–10 show the comparison
between the calculated and experimental results using one of the eight models (Mn–Ni) in
terms of 100 J Charpy temperature, yield strength, and tensile strength, respectively. The
comparison results for the rest of the models for temperature are shown in Figures A1–A7
in Appendix A. In the case of yield and tensile strengths, we only included one case
(Figures 9 and 10) because all other cases showed a nearly linear relationship and were
almost consistent with the experimental results. In the figure, the lines represent the
estimation (E), and the symbols represent the tested data (T).

It can be seen that the trend of the fitting results for the experimental results varies
greatly depending on the type or content of the ingredients contained. For example, in
Figure 8a, the temperature difference is not large depending on the Mn content in 0.5 Ni,
and the temperature does not increase even when the Mn content is increased. However,
as the Ni content is increased, the temperature increases rapidly with the Mn content,
particularly for 3.5 Ni (Figure 8d). As shown in the other figures in the Appendix A, the
trends are all different for the other elements. This indicates that the nonlinearity is large,
depending on the type or content of the chemical component. In contrast, in terms of yield
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and tensile strengths, although the slopes are slightly different, they show an almost perfect
linear relationship with the Mn content, regardless of the type or content of the component.
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Figure 8. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.5Ni;
(b) Mn–1.0Ni; (c) Mn–2.25Ni; (d) Mn–3.5Ni.
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Figure 9. Comparison of the estimation and test data in terms of yield strength: (a) Mn–0.5Ni;
(b) Mn–1.0Ni; (c) Mn–2.25Ni; (d) Mn–3.5Ni.
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Figure 10. Comparison of the estimation and test data in terms of tensile strength: (a) Mn–0.5Ni;
(b) Mn–1.0Ni; (c) Mn–2.25Ni; (d) Mn–3.5Ni.

As a result, in most cases, the estimated and experimental values show good agree-
ment. However, in some cases, for example, in the case of the CVN temperature of
Mn–1.1Mo in Figure A4, an estimation error occurs. This seems to be because, in this
case, the experimental results have greater nonlinearity than in the other cases. When
the nonlinearity of the data used in the ANN model is high, the fitting accuracy can be
improved by increasing the number of hidden layers. However, if the number of hidden
layers is increased, there is a risk of overfitting. Therefore, the decision should be made by
considering the overall data trend. In the case of the CVN temperature of Mn–1.1Mo, this
error seems to be unavoidable because only this case has a large nonlinearity. It is expected
that as the amount of experimental data is increased, the accuracy can be increased further.
In contrast, for all cases of yield and tensile strengths, the prediction results show high
accuracy, as compared with the test results, because the data used for the model training
show a strong linearity.

5. Conclusions

In this study, existing experimental data were collected to investigate changes in the
following mechanical properties: 100 J Charpy temperature, yield strength, and tensile
strength, depending on the chemical composition. Trends were analyzed by applying an
ANN to the data. Data augmentation was performed to solve the problem of insufficient
data caused by the dependence of experimental results on specific conditions. Finally,
closed-form equations were developed based on the coefficients derived from the ANN
models to facilitate a prediction. Based on these results, the following conclusions were
drawn:

• By increasing the amount of data through data augmentation, the performance of the
ANN model improved. Inaccurate regression that may occur due to the insufficient
number of experimental results was prevented in advance, and efficient ANN model
training was made. However, some cases of CVN temperature showed an estimation
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error owing to the large nonlinearity in the data used for the ANN training. Because
each condition has a different tendency, accurate regression could not be made in this
case with relatively large nonlinearity. For a better predictive model, securing more
experimental results is essential. In contrast, the yield and tensile strengths showed
high accuracy, as the data showed a linear relationship.

• The developed ANN models are presented in the form of vectors and matrices. There-
fore, the three mechanical properties considered as targets in this study were calculated
by inputting the content of each component through a simple matrix operation.

• However, because each ANN model developed in this study only considered changes
in the content of two elements, there is a limitation in that an accurate prediction
cannot be performed if any element with a content different from that of the specimen
used for the ANN model is included. That is, the results of this study can be mainly
used to predict the relative increase or decrease according to the change in the content
of two elements, including Mn.

• Further studies are recommended to develop an ANN model based on data col-
lected in a variety of ranges, including other factors. It will then be possible to
efficiently estimate the exact mechanical properties with respect to the contents of
chemical compositions.
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Figure A1. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.04C;
(b) Mn–0.06C; (c) Mn–0.10C; (d) Mn–0.15C.
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Figure A2. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.25Cr;
(b) Mn–0.5Cr; (c) Mn–1.0Cr; (d) Mn–2.3Cr.
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Figure A3. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.2Si;
(b) Mn–0.4Si; (c) Mn–0.6Si; (d) Mn–0.9Si.
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Figure A4. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.0Mo;
(b) Mn–0.25Mo; (c) Mn–0.5Mo; (d) Mn–1.1Mo.
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Figure A5. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.03O;
(b) Mn–0.037O; (c) Mn–0.045O.
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Figure A6. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–0.0004V;
(b) Mn–0.02V; (c) Mn–0.04V; (d) Mn–0.06V; (e) Mn–0.08V.
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Figure A7. Comparison of the estimation and test data in terms of CVN temperature: (a) Mn–
0.0004Nb; (b) Mn–0.01Nb; (c) Mn–0.02Nb; (d) Mn–0.045Nb; (e) Mn–0.09Nb.
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Abstract: Based on the excellent performance of shear metal dampers in building seismic capacity,
the traditional shear metal damper was optimized. A double-sided shear steel tube damper with
simple structure, easy replacement, and wide application is proposed. In order to study the influence
of different design parameters on its seismic performance, taking the steel tube length, height, width,
thickness, and connection mode as variables, five groups of 15 specimens were designed for exper-
imental research, and the failure modes, characteristic loads and displacements, hysteretic curves,
skeleton curves, stiffness degradation curves, and energy dissipation capacity of each specimen were
analyzed in detail. The test results showed that the hysteretic curves of each specimen were full and
that the energy dissipation capacity was good. The greater the thickness of the steel tube was, the
greater the load-bearing capacity of the damper and the larger the hysteresis loop area were. The
greater the width of the steel tube was, the greater the equivalent stiffness was. As displacement
amplitude increased, the equivalent stiffness of the specimen showed a downward trend. The two
connection modes had their own advantages and disadvantages, and a damper with reasonable
connection form would need to be selected according to actual engineering needs.

Keywords: shear dampers; steel tube dampers; low cycle cyclic load; mechanical properties; energy
dissipation capacity

1. Introduction

Shear metal dampers can consume seismic energy with plastic deformation by them-
selves. They can significantly enhance the comprehensive seismic capacity of high buildings.
The replaceable property of the metal dampers can promote the rapid postearthquake re-
covery of building functions [1–4]. Traditional shear metal dampers are mainly used in
high-rise or super-high-rise buildings and are not suitable for low multistory buildings
because of their complex structure and high cost [5–7].

Since dampers can significantly improve the seismic capacity of buildings, many
experts and scholars have studied them. Refs. [8–10] introduced the I-shaped steel damper
with shear yield mechanism, which was economical and applicable, had a simple structure,
and was easy to construct and replace after an earthquake, and evaluated the parameters
of the proposed damper. The results showed that the I-shaped steel damper acted as a
ductile fuse, which could prevent the buckling of diagonal elements of concentric braced
frame systems and improve the hysteretic performance of concentric braced frames. The
necessary relationship for designing this type of damper and a simple method for predicting
the nonlinear behavior of the support installed with the damper and estimating the load
displacement model of the damper without finite element modeling were also proposed.
Lin et al. [11] developed a buckling restrained shear plate damper with removable steel–
concrete composite restraint, which simplified the manufacturing process and made the
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limiter structure light and firm. Test results showed that the composite restraint plate of
the damper effectively limited the local and overall out-of-plane deformation of the inner
steel shear panel. Deng et al. [12] conducted a quasistatic test on a new buckling restrained
shear plate damper (BRSPD) specimen. The results showed that a restrained plate with
sufficient stiffness and strength could effectively restrain the out-of-plane buckling of the
energy dissipation plate. The BRSPD was numerically analyzed by using the general
finite element program. According to the test and analysis results, a design method for
the restrained plate and bolt was proposed. Yao et al. [13] used a square steel tube as an
out-of-plane stiffener of a steel core plate with low yield point, reduced the flange plate
section to alleviate the end fracture, and used the combined hardening constitutive model
with memory surface to characterize the plasticity of the square steel tube. They established
a numerical model of the shear panel damper and proposed a simplified calibration method.
Kamaludin et al. [14] conducted incremental dynamic analysis (IDA) of reinforced concrete
frame structures with viscoelastic dampers, friction dampers, and BRB dampers, taking
both far- and near-field seismic scenarios into account. The results showed that compared
with other energy dissipation devices, viscoelastic dampers had better performance in
reducing seismic damage. In contrast, Aydin et al. [15] considered the effect of soil–structure
interaction in the optimal design of cohesive dampers and applied a damper optimization
method based on the target damping ratio and interlayer displacement ratio from the
literature to a building structure model considering different types of sandy soils. The first-
and second-order modal responses were considered separately using the time–distance
analysis method, and the results showed that the negative effects of sandy soils on the
dynamic performance of the superstructure could be overcome by optimizing the dampers
in the buildings. It was shown that the effect of soil should be considered when solving the
damper optimization problem.

Cruze et al. [16,17] studied magnetorheological dampers with high energy dissipation
capacity, low power consumption, perfect damping mechanism, good stability, and fast
response time and proposed a method to generate magnetic fields using multiple coils.
The magnetorheological dampers were simulated under different currents to simulate the
seismic effects, and the results showed that such dampers could effectively reduce the
structural response in regions of medium and high seismic activity. Numerical hybrid
simulations were performed using OpenSees, and the results showed a significant reduction
in displacement and an increase in energy dissipation capacity under major seismic events.
Khalili et al. [18] proposed a hysteretic damper for energy dissipation of beam–column
steel connections through the bending deformation of an internal hourglass-shaped steel
pin. Through experiments and finite element simulations, it was shown that the damper
had a high energy dissipation capacity and that the resistance did not decrease significantly
during the loading cycle, which improved the ductility and seismic resilience of the whole
building structure.

Several scholars have studied curved damped truss moment frame (CDTMF) systems
designed using equivalent energy design methods [19,20]. The seismic performance of
buildings with different story heights was evaluated using three different analysis methods:
nonlinear static analysis, nonlinear time-dependent analysis, and incremental dynamic
analysis, and the results showed that CDTMF had excellent ductility and energy dissipation
capacity and could effectively control the top plate displacement, interstory displacement,
and top plate acceleration. CDTMF could also be used as an effective seismic resisting
system. Barbagallo et al. [21] proposed a design method for flexural restrained braced
seismic reinforcement measures. Based on a numerical study, the parameters controlling
the design method were calibrated to ensure that the near-collapse performance objec-
tives specified in Eurocode 8 were achieved. Nuzzo et al. [22] proposed an effective and
easy-to-use displacement-based procedure considering bracing flexibility for the seismic
design or retrofit of frame structures with hysteresis dampers. The effectiveness of the
proposed procedure was demonstrated in two case studies, for new and existing build-
ings, with high agreement between the analytical objectives and the numerical capacity
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curves. Finally, the reliability of the designed frames was evaluated by static and dynamic
nonlinear analysis. Mazza [23] considered structural seismic degradation and proposed
a displacement-based design (DBD) method using a hysteresis model based on plasticity
and damage mechanisms to describe the inelastic response of reinforced concrete frame
members. A nonlinear seismic analysis of a single-degree-of-freedom system, equivalent
to a multi-degree-of-freedom model of the structure, was performed to generate capacity
boundary curves using a hysteresis model defined from the initial backbone curve. Dif-
ferent strengthening schemes were compared, and the effects of different damage levels
and different damage evolution patterns were investigated. Finally, pushover curves are
calculated for unsupported and damped braced structures with and without consideration
of the hysteretic response degradation of the RC frame members. Improvements will be
made by inserting hysteretic damping supports to achieve the performance levels specified
by the current Italian regulations in high-risk seismic zones.

Other scholars have also carried out experimental research and numerical simulations
on the aspects of constitutive relationship and defect form. Golmoghany et al. [24] proposed
a new hybrid control system composed of a friction damper and a vertical shear plate
in series. In moderate earthquakes, the friction damper (FD) works as the first fuse,
while in strong earthquakes, the FD and the vertical shear plate consume energy together.
Based on a test, the model was established by software, and the results showed that the
seismic effect of this hybrid damper was better than that of a standard reference. Kiani
et al. [25] proposed a new type of two-stage yield vertical bar system hybrid damper. The
applicability and cyclic response of the proposed system were tested by using the nonlinear
finite element modeling protocol in the finite element software. The cyclic secant stiffness,
energy dissipation capacity, and equivalent viscous damping ratio of the structure using the
hybrid damper were significantly increased. A minimum free span height ratio was also
proposed. Lin et al. [26] designed a new type of adaptive shear thickened fluid full-scale
damper (STFD) and applied it to suppress the bad vibrations of cables. According to the
experimental phenomenon, a phenomenon model in line with the observed performance of
the STFD was proposed, the general differential equation of the cable system in the STFD
was established, and the eigenvalue problem of the STFD cable system was solved by the
finite difference method. This provided a tool for accurately measuring the attenuation
process and damping force. Suzuki [27] proposed a method to search for the shape of
defects to reproduce a target load displacement relationships and then used the modal
iterative error correction method to change each modal coefficient to fit the target load
displacement relationship. It was proved that the load displacement relationship of shear
plate dampers could be controlled by the shape of defects. Xu et al. [28] conducted repeated
load tests with load conditions and size parameters as test variables, proposed a kinematic
isotropic composite hardening model, considered the loading history effect, and accurately
simulated the complex hysteretic performance of significant strain hardening.

Although many experts and scholars have studied metal dampers, the form of these
dampers is not simple enough and the cost is not low enough, so there is still much left to
research. In this paper, traditional shear damping devices were optimized, and a kind of
double-sided shear steel tube damper with low cost is proposed. The energy dissipation
due to elastoplastic deformation caused by in-plane shearing of steel tube side plates was
used to reduce vibration. The proposed dampers had the advantages of easy availability of
materials, low cost, simple structure, and ability to be used in few-storied buildings in the
areas of villages and small towns. Five groups with 15 square section seamless steel tube
dampers were designed, and low-cycle repeated load tests were carried out. The influence
of different design parameters on the mechanical properties of shear steel tube dampers
was analyzed, and the seismic mechanism was revealed.
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2. Experiments Details

The shear-type steel tube damper proposed was made of Q235 steel and consisted of
steel tube, a T-shaped plate, and an L-shaped connecting plate, as shown in Figure 1.

Figure 1. Schematic diagram of shear square section steel tube damper.

The upper and lower sides of the steel tube were welded to the T-shaped plate, and
the L-shaped connectors were assembled to the T-shaped plate by bolts. In addition, a set
of dampers connected by bolts between the steel tubes and T-shaped plate were set to study
the influence of different connection modes on the mechanical properties of the dampers.
The thickness of the T-shaped plate was 4 times that of the energy-dissipating part of the
steel tube, which was much greater than the thickness of the steel tube. This ensured that
only the energy-dissipating part of the steel tube would be consumed when the damper
worked and that the steel plate connected to it remained elastic.

2.1. Design of the Specimens

The steel plates on the upper and lower sides of the shear square section steel tube
damper were connected with other components by welding, and the L-shaped connector
was assembled with the T-shaped plate by bolts. This constituted the nonenergy consuming
part of the damper. The side steel plates bore the energy dissipation function and were the
main working part of the dampers. In this paper, 5 groups of shear square section steel
tube dampers were designed. Each group of dampers was designed with three widths,
and the total number of specimens was 15. The influences of steel tube length L, steel tube
height H, steel tube width B, steel tube thickness T, and connection mode on the shear
seamless steel tube dampers with different design parameters were compared and studied.
The structure is shown in Figure 2, and the design parameters are shown in Table 1. The
connection forms were divided into welding and bolt connections. The effective thickness
of the weld of the welded specimen was the same as that of the steel plate. The diameter of
the bolt hole of the bolted specimen was 15 mm, and hexagon-head bolts were adopted.

F

Figure 2. Structure of shear square section steel tube damper (L × H × B was 200 mm × 200 mm × 200 mm).
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Table 1. Design parameters of the specimens.

Specimens L/mm H/mm B/mm t/mm Connection Type

150-A1 150 150 150 3 Welded
150-A2 150 150 200 3 Welded
150-A3 150 150 250 3 Welded
150-B1 150 150 150 4 Welded
150-B2 150 150 200 4 Welded
150-B3 150 150 250 4 Welded
150-C1 150 150 150 5 Welded
150-C2 150 150 200 5 Welded
150-C3 150 150 250 5 Welded
150-D1 150 150 150 5 Bolted
150-D2 150 150 200 5 Bolted
150-D3 150 150 250 5 Bolted
200-A1 200 200 150 5 Welded
200-A2 200 200 200 5 Welded
200-A3 200 200 250 5 Welded

2.2. Material Characteristics

The steel used in the specimens was Q235. The standard tensile specimens were cut
from the same batch of steel as the dampers. The size of the standard tensile specimens is
shown in Figure 3. There were three standard tensile specimens in each group. The test
results are shown in Table 2.

100 10020 20160

400

60

R20

20

Figure 3. Drawing of standard tensile specimen (unit: mm).

Table 2. Measurement results of the steel plates.

Steel Plate
Yield

Strength/MPa
Ultimate Tensile

Strength/MPa
Yield

Strength Ratio
Elongation/%

Elastic
Modulus/MPa

3 mm 238.45 354.72 0.67 27.71 1.92 × 105
4 mm 242.08 359.76 0.67 30.43 2.12 × 105
5 mm 243.23 358.25 0.68 29.6 2.07 × 105

2.3. Loading and Measurement Scheme

The loading device is shown in Figure 4. The specimens were loaded with a displace-
ment loading system. Suppose the yield displacement of the specimen was Δ. The target
displacements of the specimens were 0.5Δ, 1Δ, 2Δ, 3Δ, 4Δ, 5Δ, 6Δ, 7Δ, 8Δ, 9Δ, and 10Δ.
Each displacement was loaded 3 times until the load decreased to 85% of the ultimate
load-bearing capacity. The loading scheme is shown in Figure 5.
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Figure 4. Loading device.
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Figure 5. Loading scheme.

Displacement meters with Nos. H1, H2, H3 and H4 were set on the upper and
lower sides of the T-shaped connectors and the upper and lower sides of the steel tube,
respectively. A 3-directional strain was pasted on the central position of the side of the steel
tube damper and an erect VIC-3D full-field strain measurement system (Beijing Reituo
Technology Co., Ltd., Beijing, China) was placed on the other side of the damper. The
equipment was manufactured by Beijing Reituo Technology Co., Ltd. of China. The
measurement scheme is shown in Figure 6.

H1

H2

H3

H4

Figure 6. Measurement scheme.
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3. Results and Analysis

3.1. Failure Modes

The typical failure modes of the welded steel tube dampers are shown in Figure 7, and
the typical failure modes of the bolted steel tube dampers are shown in Figure 8.

(a) (b)

Figure 7. Failure modes of the welded steel tube dampers: (a) steel tube end of 150-C3 tearing;
(b) weld of 200-A1 cracking.

(a) (b)

Figure 8. Failure modes of the bolted steel tube dampers: (a) corner of 150-D1 warping; (b) steel tube
end of 150-D1 tearing.

It can be observed from Figure 7 that:

1. The failure modes of welded seamless steel tube dampers were divided mainly into
two types: steel tube end tearing and weld cracking.

2. Taking the specimen 150-C3 as an example, the damper had no obvious changes at the
initial loading stage. With increases in displacement and load, the side of the steel tube
began to tilt slightly, and the steel tube tilt became more and more obvious. When the
horizontal displacement was 4.42 mm, the corresponding load was 265.92 kN, and the
damper yielded with no obvious cracks. When the horizontal displacement reached
7.16 mm, the peak load-bearing capacity of the damper reached 335.80 kN. Cracks
began to appear at the corner of the steel tube at last, and the damper was damaged.

It can be observed from Figure 8 that:

1. At the beginning of loading, the connection between the steel tube and the T-shaped
plate became warped. With increasing displacement of the damper, the warping of
the corners of the steel tube became much more obvious.
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2. When the deformation of the damper was 8.08 mm, the damper began to yield,
and the yield strength was 54 kN. When the relative displacement was 17.49 mm,
the specimen reached to its peak load-bearing capacity, which was 64.1 kN. With
increasing displacement, the bottom of the steel tube was torn, the load declined, and
the damper was damaged.

3.2. Characteristic Load and Displacement

The yield displacement, peak displacement, yield load-bearing capacity, peak load-
bearing capacity, and initial stiffness of the seamless steel tube dampers are listed in Table 3.
The ductility coefficient is the ratio of the peak displacement to the yield displacement of
the damper.

Table 3. Characteristic load and displacement of seamless steel tube dampers.

Specimens
Initial Stiffness

(kN/mm)
Yield Displacement

(mm)
Yield Load

(kN)
Peak Displacement

(mm)
Peak Load

(kN)

150-A1 80.34 2.34 109.56 3.31 122.01
150-A2 114.65 1.87 162.46 2.64 174.47
150-A3 165.81 1.66 166.01 3.72 207.75
150-B1 87.60 2.72 159.99 4.86 184.18
150-B2 124.14 3.15 218.35 5.31 268.07
150-B3 180.42 4.17 269.25 7.13 339.28
150-C1 93.31 3.76 161.04 7.07 191.43
150-C2 123.75 4.84 242.03 8.35 292.92
150-C3 199.28 4.42 265.92 7.16 335.80
150-D1 13.57 8.08 53.37 17.49 64.10
150-D2 24.58 5.87 88.02 9.93 104.97
150-D3 32.15 5.15 141.90 8.45 156.17
200-A1 33.27 5.05 111.63 10.53 131.00
200-A2 56.34 5.08 175.02 9.93 203.76
200-A3 89.19 5.14 233.95 9.87 280.53

It can be observed from Table 3 that:

1. As the thickness of the damper increased, the initial stiffness gradually increased. As
the width of the shear surface increased, the initial stiffness of the damper gradually
increased, and the proportion of the increase was much larger.

2. The yield loads of specimens 200-A1, 200-A2, and 200-A3 were 111.63 kN, 175.02 kN,
and 233.95 kN, respectively. The peak loads were 131.00 kN, 203.76 kN, and 280.53 kN,
respectively. The initial stiffnesses were 33.27 kN/mm, 56.34 kN/mm, and 89.19 kN/mm,
respectively. As steel tube width increased, the yield load, peak load, and initial stiffness
gradually increased.

3. For the three specimens 150-A1, 150-B1, and 150-C1, the yield displacements were
2.34 mm, 2.72 mm, and 3.76 mm, respectively. The displacements corresponding
to the peak loads were 3.31 mm, 4.86 mm, and 7.07 mm, respectively. The greater
the thickness of the steel tube was, the greater the yield displacement and peak
displacement were. The thickness had no obvious influence on the yield load, peak
load, or initial stiffness, and the difference between the specimens in groups 150-B
and 150-C was less than 10%.

4. By comparative analysis, the yield displacements of 150-C1 and 200-A1 were 3.76 mm
and 5.05 mm, respectively, and the peak displacements were 7.07 mm and 10.53 mm,
respectively. The yield loads were 161.04 kN and 111.63 kN, respectively, and the
peak loads were 191.43 kN and 131.00 kN, respectively. The initial stiffnesses were
93.31 kN/mm and 33.27 kN/mm, respectively. As the height of the steel tube in-
creased, the yield displacement and peak displacement increased by 34.48% and
48.87%, respectively, and the yield load, peak load, and initial stiffness decreased by
30.68%, 31.57%, and 64.34% respectively.
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5. Comparing the welded specimen 150-C1 and the bolted specimen 150-D1, the yield
displacements were 3.76 mm and 8.0 mm, respectively; the peak displacements were
7.07 mm and 17.49 mm, respectively; the yield loads were 161.04 kN and 53.37 kN,
respectively; the peak loads were 191.43 kN and 64.10 kN, respectively; and the initial
stiffnesses were 93.31 kN/mm and 13.57 kN/mm, respectively. Compared with the
bolted specimen 150-D1, the yield displacement and peak displacement of the welded
specimen 150-C1 were increased by 115.02% and 147.21%, respectively, and the yield
load, peak load, and initial stiffness were decreased by 66.86%, 66.51%, and 86.45%
respectively. The results showed that the welded damper had better yield load, peak
load, and initial stiffness, but the bolted damper had greater yield displacement and
peak displacement. Therefore, it is necessary to select a reasonably sized damper
according to the actual engineering requirements.

3.3. Hysteretic Curves

The hysteretic curve, which is the relation curve between the load and displacement
of a specimen, can reflect the deformation characteristics and energy dissipation capacity
of the specimen. The hysteretic curves of each specimen are shown in Figure 9.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 9. Cont.
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(j) (k) (l)

(m) (n) (o)

Figure 9. Hysteresis curves of the specimens. (a) 150−A1, (b) 150−A2, (c) 150−A3, (d) 150−B1,
(e) 150−B2, (f) 150−B3, (g) 150−C1, (h) 150−C2, (i) 150−C3, (j) 150−D1, (k) 150−D2, (l) 150−D3,
(m) 200−A1, (n) 200−A2, (o) 200−A3.

It can be observed from Figure 9 that:

1. The hysteretic curves of specimens 150-A1, 150-A2, and 150-A3 were fusiform, and
with increasing width, the hysteretic curves of the shear square steel tube dampers
gradually grew full, and the energy dissipation capacities of the dampers were en-
hanced. When the damper reached peak load, the load-bearing capacity gradually
decreased. Before the load-bearing capacity dropped, the hysteretic curves of the
dampers were relatively full, indicating that the dampers’ energy dissipation capacity
is strong.

2. The hysteretic curves of specimens 150-B1, 150-B2, and 150-B3 were in the shape of
fusions, and the hysteretic curves of specimen 150-B3 appeared as a slight buckling
phenomenon, which may be caused by the out-of-plane buckling of the steel tube due
to the lack of out-of-plane constraints. With increasing width, the hysteretic curves
of the specimens gradually grew full, and the energy dissipation capacities of the
dampers were enhanced. Before the load-bearing capacity dropped, the hysteretic
curves of the dampers were relatively full, indicating the dampers’ strong energy dis-
sipation capacity. After the load-bearing capacity reached the maximum, it decreased
rapidly and soon lost its working capacity.

3. The hysteretic curves of specimens 150-C1, 150-C2, and 150-C3 were full, with a
shape close to the parallelogram, and reflected good energy dissipation capacity.
With increasing width, the hysteretic curves of the specimens gradually became full,
and the energy dissipation capacities of the specimens increased. The positive and
negative loads of the damper were not the same, which may have been due to an
error in installation. All three specimens showed slight pinching, which was caused
by out-of-plane buckling due to the lack of out-of-plane constraints on the steel tube.
Comparing the specimens 150-A, 150-B, and 150-C, when other parameters were the
same, the greater the steel tube thickness was, the greater the load-bearing capacity of
the dampers was, and the greater the hysteresis loop area was.
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4. The hysteretic curves of specimens 150-D1, 150-D2, and 150-D3 were Z-shaped. After
the damper yielded, it could remain at high load for a period. Because the corner of the
steel tube of the bolted damper warped at late loading, there was no obvious growth
of the horizontal peak load. In the middle of the hysteretic curve, displacement grew
without obvious growth of the horizontal load.

5. The hysteretic curves of specimens 200-A1, 200-A2, and 200-A3 were fusiform and
reflected good energy dissipation capacity. The wider the curves were, the fuller
they were, and the more energy was dissipated from the corresponding specimens.
Compared with the specimen 150-C, the specimens with heights of 200 mm had
greater ultimate displacement, but their load-bearing capacity was lower.

3.4. Skeleton Curves and Stiffness Degradation Curves

The skeleton curve of each specimen is shown in Figure 10.

(a) (b)

(c) (d)

(e)

Figure 10. Skeleton curves of the specimens (a) 150-A, 150-A2, and 150-A3; (b) 150-B1, 150-B2,
and 150-B3; (c) 150-C1, 150-C2, and 150-C3; (d) 200-A1, 200-A2, and 200-A3; (e) 150-D1, 150-D2,
and 150-D3.
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Equivalent stiffness K is the slope of the line between the origin and the load-bearing
capacity peak point of each circle of hysteretic curves, which can reflect the change in
stiffness. The formula for equivalent stiffness is

K =
|+Pi|+ |−Pi|
|+Δi|+ |−Δi|

where Pi is the peak load of the circle I and Δi is the displacement corresponding to the
load Pi. The stiffness degradation curve of each specimen is shown in Figure 11.

(a) (b)

(c) (d)

(e)

Figure 11. Skeleton curves of the specimens (a) 150–A, 150–A2, and 150–A3; (b) 150–B1, 150–B2, and
150–B3; (c) 150–C1, 150–C2, and 150–C3, (d) 150–D1, 150–D2, and 150–D3; (e) 200–A1, 200–A2, and
200–A3.

It can be seen from Figures 10 and 11 that:

1. Comparing all the specimens, the wider the steel tube was, the greater the equivalent
stiffness was. With increasing displacement, the equivalent stiffness of all three
specimens showed a downward trend.
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2. The equivalent stiffness degradation curve of 150−A2 was almost linear throughout
the whole process, and the stiffness degradation range of 150-A1 and 150-A3 at the
initial stage was slightly higher than that at the later stage of loading.

3. For specimens 150−C1, 150−C2, and 150−C3, the stiffness degradation at the ini-
tial stage of loading was significantly higher than that at the later stage of loading.
Moreover, the greater the initial stiffness was, the more obvious the stiffness degrada-
tion was.

4. Comparing specimens in group 150-C (with welded connections) with the speci-
mens of the same size in group 150−D (with bolted connections), the stiffness of
the welded dampers was always greater than that of the bolted dampers under the
same displacement.

3.5. Energy Dissipation

The energy dissipation of a specimen can reflect its ability to dissipate seismic energy
in an earthquake to reduce the seismic response of the main structure. The area enclosed
by the hysteretic curves of the damper can reflect the absorbed and dissipated energy, so
the energy dissipation capacity of the damper can be reflected by the area of the hysteretic
loops. The sum of the hysteresis loop area and the equivalent viscous damping coefficients
of specimens from the beginning of loading to the final failure mode are shown in Table 4.
The hysteresis loop area was calculated by Origin software. The force and displacement
data were imported into the software to draw the hysteresis curve, and the hysteresis
loop area was calculated by the software. The equivalent viscous damping coefficient is
equal to the area of the hysteretic curve divided by the nominal elastic potential energy,
which is equal to the product of the yield displacement and the yield load. Generally, in
order to simplify the calculation, the Chinese specifications “Specification for seismic test
of buildings” JCJ/T 101–2015 were used for the calculation, schematically as follows:

ξ =
1

2π
· SABCD

S(OBE+ODF)

where ξ is the equivalent viscous damping coefficient, SABCD represents the area of the
hysteresis loop, and S(OBE+ODF)represents the area of the triangles SOBE and SODF as shown
in Figure 12.

Table 4. Hysteresis loop area of welded seamless steel tube dampers.

Specimens
Energy

Dissipation/kN·mm
SABCD/kN·mm S(OBE+ODF)/kN·mm

Equivalent Viscous
Damping Coefficient

150-A1 3905.40 596.75 433.24 0.22
150-A2 7723.53 977.12 553.36 0.28
150-A3 15,795.12 1396.19 854.52 0.26
150-B1 13,978.32 1562.05 934.93 0.27
150-B2 30,195.37 3004.94 1483.52 0.32
150-B3 64,488.01 5406.19 2600.12 0.33
150-C1 48,224.81 3286.22 1686.38 0.31
150-C2 67,790.33 5097.96 2579.84 0.31
150-C3 97,713.07 4169.23 2815.41 0.24
200-A1 36,869.10 2206.40 1248.55 0.28
200-A2 51,116.49 3595.52 2128.33 0.27
200-A3 78,015.56 4939.12 2722.30 0.29
150-D1 22,752.19 1505.28 1155.87 0.21
150-D2 51,914.42 3523.44 2126.96 0.26
150-D3 58,807.43 3907.24 2185.04 0.28
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Figure 12. Calculation diagram of equivalent viscous damping coefficient.

It can be observed from Table 4 that:

1. Specimens 150-C1, 150-C2, and 150-C3 had energy dissipation values of 48,224.81 kN·mm,
67,790.33 kN·mm, and 97,713.07 kN·mm, respectively. With increasing steel tube width,
the area of the hysteretic loops and the energy dissipation capacity of the dampers
gradually increased.

2. Specimens 150-A1, 150-B1, and 150-C1 had energy dissipation values of 3905.40 kN·mm,
13,978.32 kN·mm, and 48,224.81 kN·mm, respectively. This indicates that as the
thickness of the steel tube increased, both the area of the hysteretic loops and the
energy dissipation of the damper increased.

3. The energy dissipation values for specimens 150-C1 and 200-A1 were 48,224.81 kN·mm
and 36,869.10 kN·mm, respectively, showing a reduction of 23.5%. This shows that the
longer and the higher the steel tube was, the worse the energy dissipation capacity was.

4. The energy dissipation values for specimens 150-C1 and 150-D1 were 48,224.81 kN·mm
and 22,752.19 kN·mm, respectively. The bolted connection mode’s energy dissipation
value was lower than that of the welded connection mode by 53.82%, indicating that the
welded damper could dissipate much more energy.

4. Conclusions

In this paper, the effects of different design parameters on the energy dissipation
capacity of the proposed double-sided shear low-cost steel tube damper were explored
through experiments. The test phenomena and data were compared and analyzed, and the
following conclusions were obtained:

1. The thickness of the steel tube damper and the width of the shear surface had a
positive effect on the initial stiffness, and the influence of shear surface width was
more significant. Increasing steel tube height had two effects: to increase the yield
displacement and peak displacement and to reduce the yield load, peak load, and
initial stiffness.

2. The hysteretic curve of each specimen was full, and the energy dissipation capacity is
good. After the load-bearing capacity reached the peak load, the load-bearing capacity
of each damper decreased rapidly. Comparing the test results of each group, the
greater the thickness of the steel tube was, the greater the load-bearing capacity of the
damper was, and the larger the hysteresis loop area was. The ultimate displacement
of the specimens with high steel tube height was greater, but the load-bearing capacity
was reduced.

3. The greater the width of the steel tube was, the greater the equivalent stiffness was.
With increasing displacement amplitude, the equivalent stiffness of the specimen
showed a downward trend. The initial decline amplitude was significantly higher
than that in the later stage of loading. The greater the initial stiffness was, the more
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obvious the stiffness degradation was, and the stiffness degradation tended to be
gentle in the later stage of the test.

4. With increasing steel tube width and thickness, the hysteretic loop area and the energy
dissipation capacity of the specimens gradually increased, while with increasing steel
tube height, the energy dissipation and the seismic effect decreased.

5. The welded damper had better yield load, peak load, and initial stiffness, but the
bolted damper had greater yield displacement and peak displacement. The bolt
connected damper had good ductility and still maintained a good energy dissipation
capacity for a period of time after reaching yield and plastic deformation, but the
corner of the steel tube tilted up in the later stage of loading, and the peak value
of horizontal force did not increase significantly in the later stage. Under the same
displacement, the stiffness of the welded damper was always greater than that of
the bolted damper, and the welded damper could dissipate more energy. Therefore,
a damper with reasonable connection form would need to be selected according to
actual engineering needs.
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