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Abstract: This study investigates the elastoplastic stable bearing capacity of prestressed columns. The
end restraint of the novel dual-steering plate brace prestressed column is enhanced, augmenting the
efficiency of utilizing steel material. The elastoplastic stable bearing capacity of this new prestressed
column is 5.41 times greater than that of a standard non-prestressed column. In contrast, the
traditional prestressed columns with identical parameters show only a 2.49 to 3.55 times increase. In
addition, this study conducts parameter optimization on the prestressed value, the position of the
transverse brace, and the size of the transverse brace in the prestressed column. The buckling load
escalates rapidly with an increase in the prestress value within a specific range and then diminishes
gradually. The bearing capacity peaks when the transverse brace is positioned at the midpoint. As the
size of the transverse brace expands, the load-bearing capacity initially rises linearly and subsequently
stabilizes. The findings on the elastoplastic stable bearing capacity and parameter optimization are
significantly relevant for practical engineering applications.

Keywords: prestressed column; elastoplastic stability; parameter optimization; elastoplastic analysis;
bearing capacity

1. Introduction

Prestressed columns have been widely used in large-span structures such as airports
and gymnasiums. The stable bearing capacity of slender steel columns is crucial in prevent-
ing structural failures [1]. Investigations reveal that the strength of some slender pressure
columns can be as low as 30% at failure, significantly diminishing material efficiency [2].
Studies indicate that employing prestressed columns can enhance the buckling load, dimin-
ish deformation, conserve materials and costs, and bolster safety [3]. Prestressed columns
are structures that employ prestressed cables and braces to laterally support a central
steel column, thus augmenting its stability [4]. Generally, these columns comprise steel
columns, prestressed cables, and braces [5]. The steel column’s primary function is to
bear loads, while the cable, only enduring tensile forces, is pivotal in elevating the steel
column’s load-bearing capacity. The brace transfers the cable prestress to the steel column,
constraining column deformation and is typically integrated with the steel column [6].
The introduction and application of prestressed columns are significantly beneficial in
enhancing the load-bearing efficiency of structural columns [7].

Conventional prestressed columns predominantly include the single-beam-brace and
three-beam-brace types [8]. Numerous researchers have explored prestressed strut columns
through theoretical, numerical, and experimental methodologies [7]. Smith [9] examined
the influence of varying parameters on the unstable mode and load-bearing capacity of
single-beam-brace prestressed columns. Temple [10] developed a straightforward finite
element approach for assessing the load-bearing capacity of three-beam-brace prestressed
columns, finding numerical solutions in agreement with theoretical predictions. Saito and
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Wadee [4] investigated the post-buckling behavior of a transverse prestressed column,
noting a clear relationship between the buckling behavior and the cable’s prestressed
value. Osofero et al. [11] conducted load-bearing tests on prestressed columns, discovering
the following two buckling modes: symmetrical and antisymmetric. Martins et al. [12]
performed load-bearing experiments on prestressed strut columns using different strength
steels, concluding that higher material strength correlates with a greater structural load-
bearing capacity. Wadee et al. [13] suggested a simplified model to estimate the post-
buckling behavior of prestressed columns. Li et al. [14] introduced a dual-steering-plate-
brace prestressed column and conducted modal analyses. However, further studies are
required on the elastic–plastic load-bearing capacity and parameter optimization of dual-
steering-plate-brace prestressed columns. Figure 1 illustrates a schematic of a traditional
prestressed column.
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Various scholars have explored the parameter optimization of beam-brace prestressed
columns [15]. Ma et al. [16] proposed a novel approach for optimizing prestressed col-
umn parameters that are capable of addressing multi-objective optimization challenges.
Wang et al. [17] suggested an optimization strategy for identifying the optimal transverse
brace dimensions in prestressed steel columns, including defect sensitivity analysis with
significant implications for prestressed column parameter optimization. Chen et al. [18]
introduced an optimization method based on self-stress and integral self-stress states to
determine the optimal prestressing force, allowing for the precise calculation of the ideal
feasible prestress. The current parameter optimization efforts for prestressed columns pri-
marily focus on traditional designs, leaving room for further research on new prestressed
column designs.

Currently, several researchers are examining the monitoring and intelligent assess-
ment of conventional prestressed strut columns [19]. Liu et al. [20] devised an intelligent
evaluation technique for prestressed steel columns using the digital twin (DT) technology,
encompassing performance analysis and maintenance. Zhu et al. [21] proposed an intelli-
gent prediction method for the construction and safety of prestressed columns based on
the DT technology, laying a methodological foundation for safety forecasting. Liu et al. [22]
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conducted intelligent evaluations of prestressed cable safety through DT and artificial
intelligence integration, offering a methodology for the intelligent evaluation and applica-
tion of prestressed cables. Shen et al. [23] developed a health monitoring technology for
prestressed strut columns, considering erosion impacts and demonstrating high accuracy.
Wu et al. [24] analyzed the buckling behavior of prestressed strut columns using machine
learning and enabling an intelligent assessment of the structure’s nonlinear behavior. Cur-
rently, evaluations predominantly concentrate on traditional prestressed columns, with the
analysis and assessment of new prestressed column types warrant further exploration.

In summary, extensive research has been conducted on beam-brace prestressed columns.
The bearing capacity of the traditional prestressed column is generally improved by in-
creasing the number of transverse braces. However, studies on augmenting end constraints
through additional end plates and improving directionality by altering the force form of
the cables are limited. This study explores the elastoplastic stable bearing capacity of the
novel dual-steering-plate-brace prestressed column and optimizes its parameters.

2. Calculation Model

This study investigates the elastoplastic stable bearing capacity of three types of
prestressed columns using the finite element software ANSYS 15.0. It also optimizes
the prestressed value, steering plate position, and size. The model considers nonlinear
contact and geometric defects, calculating the elastic–plastic stability-bearing capacity of
the new structure.

2.1. Assumptions

(1). The steel columns and transverse beam braces are simplified into beam 188 elements,
with the effects of large deformation considered.

(2). Prestressed cables are simplified to Link10 elements, considering only the influence of
tensile stress.

(3). The separable motion contact algorithm is employed for the contact between the cable
and the plate brace.

(4). A rigid connection is utilized between the steel column and the support brace.

2.2. Initial Prestress

The relationship between the prestressed value and the elastoplastic stable bearing
capacity is presented as follows [25]:

FC
min, 0 ≤ P < Pmin

FC
man−FC

min
Popt−Pmin

× (P− Pmin) + FC
min, Pmin ≤ P < Popt

FC
man

Popt−Pman
×
(

P− Popt
)
+ FC

man, Popt ≤ P ≤ Pmax

(1)

where Pmin and Pmax are the minimum and maximum prestress values; FC
min and FC

man are
the minimum and maximum critical buckling loads.

The optimal prestress can be expressed as follows:

Popt =
f1

f2
FC (2)

where Popt is the optimum prestress value; f1 and f2 are the coefficients of correlation
between the cable and the brace; FC is the elastoplastic stable bearing capacity of the
prestressed column.

2.3. Nonlinear Analysis Methods

The Riks method was adopted in this study due to the highly nonlinear elastic stable
bearing capacity calculation. The Risk method is a generalized displacement control
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method. It can solve nonlinear problems by constraining the load level and displacement
vector simultaneously. When the initial arc length radius is set, li is determined using the
convergence rate below [26]:

li = li−1

√
nd

ni−1
(3)

where li is the arc length radius; nd is the expected convergence iteration number of the
load step; and ni−1 is the number of iterations of the previous load step.

The iterative steps of tangential displacement are as follows:

[K]i{xre f }i = {Fre f } (4)

|∆γ1
i | =

li√
1 + {xre f }T

i {xre f }i

(5)

where {Fre f } is the external reference force; [K] is the stiffness matrix; {xre f } is the tangent
displacement; and ∆γ is the load increment step.

2.4. Line-Surface Contact Algorithm

“Hard contact” is adopted in line and with surface contact [27]:
No contact

Fcontact = 0 for δ < 0 (6)

Contact
δ = 0 for Fcontact > 0 (7)

where Fcontact is the pressure; δ is the gap.

2.5. Calculation Model

The geometric parameters of the three prestressed columns are listed in Table 1. The total
height of the three types of prestressed columns is 3000 mm. The transverse braces are set up
in the middle position. The length H of the middle transverse brace is 300 mm. The latter two
prestressed columns are symmetrically arranged with a second transverse brace. The steel
column diameter (D) is 50 mm. The geometric model is depicted in Figure 2, where Figure 2a
illustrates the model of a single-beam-brace column, Figure 2b shows the three-beam-brace
column, and Figure 2c displays the model of the new dual-steering-plate-brace column.

Table 1. Prestressed column section parameters.

h (mm) H (mm) D (mm)

Single-beam-brace column 1500
300 501500

Three-beam-brace column

600
200

50
900
900

300600

Dual-steering-plate-brace column

600
200

50
900
900

300600
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Figure 2. Geometric model. (a) Single-beam-brace column (b) Three-beam-brace column (c) Dual-
steering-plate-brace column.

The calculation model’s material is Q235 steel, with a yield strength of 235 MPa. The
strain value at the yield platform’s end is 0.025, the ultimate strain is 0.26, the elastic
modulus is 210 GPa, Poisson’s ratio is 0.3, and the steel column’s diameter is 50 mm. The
mesh model is exhibited in Figure 3. The column was analyzed using beam 188 elements,
while Solid 185 elements were employed for the plate, and Link 10 elements for the
prestressed cable. The prestressed cables and plates are interconnected by sliding to
prevent damage. Geometric defects are applied by means of displacement according to the
first-order modes.
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The end supporting plate at the bottom is a fixed constraint in this study. The top-end
supporting plate is constrained in the x and y directions, with the load applied in the z
direction. The analysis of elastoplastic stable bearing capacity comprises the following three
loading steps: the initial step involves static analysis, boundary conditions application,
and prestress. The second step encompasses modal analysis. The third step includes
applying geometric initial defects and conducting elastoplastic stability load analysis. The
arc length method is applied for solving, and the value of the load during calculation
requires multiple trial calculations. The maximum convergence time of the final calculated
sub-steps approaches 1 s to ensure the high accuracy of the results.

3. Results and Discussion
3.1. Elastoplastic Stable Bearing Capacity Analysis
3.1.1. Plastic Deformation Stress Nephogram

The modal buckling solutions described in Section 2.5 are shown in Figure 4. The
modes of bearing columns are different under different prestressing directions.
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Figure 5 presents the deformation cloud diagram of the four steel columns under the
maximum load. Figure 5a is the non-prestressed column, Figure 5b is the single-beam-brace
column, Figure 5c is the three-beam-brace column, and Figure 5d is the dual-steering-plate-
brace column. The examination of the nephogram reveals that the deflection of the four
models under maximum load is similar. The deformation forms of traditional prestressed
columns are identical. However, the deformation form of the dual-steering-plate-brace
column differs from the first three, indicating that the double-steering braces alter the force
form of the column, thereby changing its nonlinear buckling form.



Buildings 2023, 13, 3083 7 of 15Buildings 2023, 13, x FOR PEER REVIEW 7 of 16 
 

  
(a) (b) 

  
(c) (d) 

Figure 5. Plastic deformation stress nephogram. (a) Non-prestressed column. (b) Single-beam-brace 
column. (c) Three -beam-brace column. (d) Dual-steering-plate-brace column. 

3.1.2. Relation between Axial Load and Mid Deflection 
The influence of different initial defects on the bearing capacity of the new pre-

stressed column is shown in Figure 6a. It can be seen from the calculated results that the 
bearing capacity is related to the initial defect value. The larger the initial defect value is, 
the lower the bearing capacity value. The first mode is selected as the initial defect for all 
kinds of columns in this paper. The relationship curves between the axial load and mid-
span deflection obtained through the numerical calculation of an ordinary column and 
three types of prestressed columns are shown in Table 2 and Figure 6b. All prestressed 
columns are subjected to a prestressed value of 15 kN. The vertical load is incrementally 

Figure 5. Plastic deformation stress nephogram. (a) Non-prestressed column. (b) Single-beam-brace
column. (c) Three -beam-brace column. (d) Dual-steering-plate-brace column.

3.1.2. Relation between Axial Load and Mid Deflection

The influence of different initial defects on the bearing capacity of the new prestressed
column is shown in Figure 6a. It can be seen from the calculated results that the bearing
capacity is related to the initial defect value. The larger the initial defect value is, the lower
the bearing capacity value. The first mode is selected as the initial defect for all kinds
of columns in this paper. The relationship curves between the axial load and mid-span
deflection obtained through the numerical calculation of an ordinary column and three
types of prestressed columns are shown in Table 2 and Figure 6b. All prestressed columns
are subjected to a prestressed value of 15 kN. The vertical load is incrementally increased in
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units of 5 mm of displacement, and the deflection varies across different models. The results
demonstrate that both the ordinary column and the three types of prestressed columns
become unstable at extreme points, with the increase in the vertical force being proportional
to the mid-span displacement value of the column. When the vertical force is minimal, the
mid-span displacement value of the column remains small.
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Table 2. Axial load-deflection table.

Lateral Deformation
(mm)

Non-Prestressed
Column (kN)

Single-Beam-Brace
Column (kN)

Three-Beam-Brace
Column (kN)

Dual-Steering-Plate-Brace
Column (kN)

5 84.7 233.8 332.2 511.8
10 91.5 240.6 298.3 488.1
15 94.9 230.5 274.5 461.1
20 94.9 206.7 274.5 437.3
25 94.9 189.8 237.3 420.3
30 91.5 176.2 213.6 393.2
35 88.1 159.3 196.6 369.4
40 84.7 145.7 183.1 338.9
45 81.3 132.2 159.3 305.1
50 77.9 118.6 138.9 277.9
55 74.5 105.1 125.4 254.2
60 67.7 94.9 108.4 240.6
65 64.4 88.1 98.3 223.7
70 61.1 81.4 84.7 203.3
75 57.6 74.5 77.9 193.2
80 54.2 67.8 64.4 -
85 50.8 64.4 57.6 -
90 47.4 57.6 50.8 -
95 44.1 54.2 47.4 -
100 40.6 50.8 44.1 -
105 37.2 47.4 40.6 -
110 33.8 44.1 40.6 -
115 33.8 44.1 33.8 -
120 33.8 44.1 33.8 -
125 30.5 40.1 33.8 -
130 30.2 37.3 33.5 -
135 30.5 37.3 30.5 -
140 30.5 37.3 30.5 -
145 33.8 33.4 30.5 -
150 30.5 33.9 27.1 -
155 27.1 33.9 27.1 -
160 23.7 30.5 27.1 -
175 20.3 30.5 23.7 -
180 - - - -
185 - - - -
190 - - - -

When lateral deformation occurs, the cable exerts prestress on the central column
by applying force to the transverse brace, constraining the mid-span, and resisting its
deformation. The deformation’s limit value correlates to some extent with the prestress
value. Under axial load, an additional bending moment is generated on the bearing column
undergoing lateral deformation, exacerbating the deformation, a phenomenon known as
the second-order effect. The second-order effect exerts the least influence on the dual-
steering-plate-brace column, while, for ordinary columns without prestress constraints, its
impact is the most significant.

As the vertical load increases, exceeding the ultimate load leads to plastic deforma-
tion, which persists until failure. In the later loading stages, among the four models of
the bearing column, the prestressed column with double-steering plates shows the least
deflection, indicating that the ductility of the prestressed column is inferior to that of the
non-prestressed column and traditional prestressed columns.

It can be seen from the data that the stable ultimate bearing capacity of the non-
prestressed column is 95.8 kN, whereas those of the three types of prestressed columns are
239, 342, and 518 kN, respectively. These results demonstrate that the bearing capacities of
prestressed columns are 2.49–5.41 times higher than those of the non-prestressed columns,
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underscoring the significant role of prestressed cables in enhancing the stability of the
ultimate bearing capacity.

The calculated elastic–plastic stability capacity at large deflection is Pu, the deflection
at instability is δu, the maximum deflection at failure is δd, and the equivalent plastic strain
of the cross-section of the central column at failure is εeq [28]. The stability coefficient ϕ is
defined as follows [29,30]:

ϕ = Pu/Pcr (8)

where Pcr is the linear elastic bearing capacity calculated by the Euler formula.
Four kinds of pressure columns are analyzed in this section as follows: the non-

prestressed column (c-1), single-beam-brace column (c-2), three-beam-brace column (c-3),
and dual-steering-plate-brace column (c-4). The comparisons between the linear and
nonlinear bearing capacity of bearing columns are shown in Figure 7. The initial defect
has the greatest effect on the non-prestressed column at 31.6% from the reduction rate of
bearing capacity. Prestress is of great help in reducing the initial defect effect, with the
lowest reduction rate of 10.49% for the single-beam-brace column.
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Figure 7. Comparison of linear and nonlinear bearing capacity.

The comparisons of the elastic and plastic deformation capacity of four kinds of
pressure columns (c-1, c-2, c-3, and c-4) are shown in Figure 8. It can be seen that the
proportion of elastic deformation in the non-prestressed column is the highest at 11.91%,
while the proportion in the three-beam-brace column is the lowest at 2.02%, from the ratio
of elastic deformation to plastic deformation. As the number of transverse braces increases,
the stiffness and the bearing capacity of the prestressed column also increase, but the
proportion of elastic deformation decreases. The improvement in the bearing capacity of
prestressed columns comes at the cost of sacrificing a portion of elastic deformation.
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Figure 8. Comparison of elastic and plastic deformation.

The plastic calculation results of the bearing columns are shown in Table 3. The
values of the maximum equivalent stress of the section, as obtained using the four models,
are similar. However, the variations in the maximum equivalent plastic strain and the
deflections at which instability and failure occur in these models contrast with the changes
in the ultimate bearing capacity. This indicates that the increased bearing capacity of
prestressed columns comes at the expense of reduced plasticity and ductility properties.

Table 3. Plastic calculation results of bearing columns.

Pu/kN Pcr/kN ϕ δu/mm δd/mm εeq/10−3

Non-prestressed column (c-1) 95.8 144 0.665 22.4 188 22.714
Single-beam-brace column (c-2) 239 267 0.895 12.2 172.4 16.104
Three-beam-brace column (c-3) 342 430 0.795 2.7 133.8 14.09

Dual-steering-plate-brace
column (c-4) 518 650 0.798 2.5 75.2 1.021

3.2. Parameter Optimization Analysis
3.2.1. Effect of Prestress Value

The buckling load variation in the prestressed columns under different prestress values
is shown in Figure 9. The range of prestress values considered spans from 0 to 100 kN. It can
be seen from the calculation that the optimal prestress value of the single-beam-brace column
is 14.9 kN, the optimum prestress value of the three-beam-brace column is 14.7 kN, and the
optimal prestress value of the dual-steering-plate-brace column is 14.3 kN. The prestressed
value adopted in this paper is 15 kN. As the prestress value increases from 5 to 15 kN, the
buckling loads of the three prestressed columns escalate rapidly. The load-bearing capacity
of the dual-steering-plate-brace column increases by 4.6 times, the three-beam-brace column
increases by 2.97 times, and the single-beam-brace column increases by 1.84 times. In the
range of 15 to 45 kN, the buckling loads stabilize, remaining essentially unchanged. Beyond
45 kN, the buckling load value begins a gradual decline. At 100 kN, despite the prestress
value tripling, the buckling load values are reduced significantly.
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3.2.2. Effect of Steering Plate Position

This study also analyzes the effect of the steering plate position on buckling load
variation. The central column has a total height of 3000 mm, with the middle support plate
positioned at 1500 mm. The distances between the steering plates and the ends change
symmetrically, ranging from 50 to 1450 mm.

The results demonstrate a distinct pattern in how the steering plate position influences
the buckling load values, suggesting the existence of an optimal buckling load value
(Figure 10). At a steering plate height of 750 mm, the buckling load value peaks at 518 kN.
As the height of the steering plate progressively decreases from 750 to 50 mm, the maximum
buckling load value significantly drops. At 50 mm, it reduces to 239 kN, which is a decrease
of nearly half. Conversely, as the steering wheel height increases from 750 to 1450 mm,
the maximum buckling load diminishes to 208 kN, which is 310 kN below the optimal
maximum value. The rules of the three-beam-brace column are consistent. However, the
maximum buckling load is 66% of the new prestressed column.

3.2.3. Effect of Steering Plate Size

In this section, the prestressed columns constrained by a 15 kN prestress and with a
lower steering plate height of 1500 mm are examined. This study investigates the buckling
load variation pattern by altering the steering plate radius from 50 to 130 mm (Figure 11).
The findings revealed that the steering plate size markedly affects the buckling load of
the prestressed columns. With a steering plate radius of 50 mm, the buckling load is
245 kN. As the steering plate size enlarges, the buckling load increases, exhibiting a linear
variation pattern. Upon reaching a radius of 115 mm, the buckling load peaks at 518 kN
and then begins to stabilize. Between the radii of 115 and 130 mm, the buckling load value
incrementally rises. At 130 mm, the buckling load attains 530 kN, a mere increase of 12 kN
compared to the 115 mm radius, which also impacts structural aesthetics. The rules of the
three-beam-brace column are consistent. However, the maximum buckling load is 66%
of the new prestressed column. These findings indicated a clear correlation between the
steering plate size and the buckling load value. When designing the steering plate size, this
correlation can be effectively leveraged to select an optimal size based on these insights.
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The results indicate that various structural parameters, such as the magnitude of the
prestressing force, the distribution of the steering plate position, and the dimensions of
the steering plate, significantly influence the load-bearing capacity of the dual steering
brace column. When the prestress is minimal, the bearing capacity rapidly escalates to the
optimal value and then gradually diminishes. The influence of the steering plate’s position
on the buckling load value demonstrates a discernible pattern, with an optimal value
existing. At the midpoint position of the steering disc, the buckling load attains its maximal
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value. The impact of the steering plate’s size is examined. With a small steering plate, the
buckling load value exhibits a linear increase. Once the steering plate attains a certain
dimension, the buckling load value stabilizes and remains consistent. The optimization
analysis in this study provides guidance for refining the design of prestressed columns. For
already-designed prestressed columns, alterations in the prestressed construction process,
prestressed value, and structural parameters should not be arbitrary.

4. Conclusions

This study analyzes the elastoplastic stable bearing capacity of a novel prestressed
column and compares the outcomes with those of traditional prestressed columns. The
parameter optimization analysis for the prestressed value, the steering plate position, and
the steering plate size is conducted. The findings reveal that the new prestressed column
exhibits superior material utilization. The results are as follows:

(1) The elastic stable bearing capacity of four types of pressure-bearing columns is ana-
lyzed. Owing to the rationality of the end constraints and the prestressed arrangement,
the new type of prestressed column exhibits a 5.41-fold increase compared to ordinary
non-prestressed columns. In contrast, traditional prestressed columns with identical
parameters show only a 2.49–3.55-fold increase, underscoring the more reasonable
stress distribution in the new type of prestressed column.

(2) With relatively small prestress (<15 kN), the bearing capacity swiftly reaches its
optimal value. The buckling load remains stable at between 15 and 45 kN of the
prestressed value. Beyond 45 kN, the buckling load value gradually declines. At a
prestressed value of 120 kN, the value nearly triples, while the buckling load value
decreases by approximately 15.3%.

(3) The steering plate’s position markedly influences the bearing capacity, with an optimal
value observed. At a 750 mm height, the buckling load value peaks; as the steering
plate’s height decreases from 750 to 50 mm, the maximum buckling load significantly
diminishes. A reduction of 50 mm in the steering plate’s height results in a nearly
twofold decrease in the buckling load.

(4) The steering plate’s size profoundly affects the buckling load value of the dual steering
brace column. With a 50 mm radius, the buckling load value is 245 kN. As the steering
plate’s size increases, the buckling load value escalates, displaying a linear trend.
When the distance between the center column and the steering hole reaches 115 mm,
the buckling load value attains 518 kN and begins to stabilize. These research findings
provide a theoretical foundation for the practical engineering application of a new
type of prestressed column.
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