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Abstract: Aiming at the requirement of high stress ratio reinforcement in space steel
structures, a novel method for enshancing the load-bearing capacity of casings through
indirect welding to produce a reinforced steel pipe is introduced. To investigate how the
mechanical properties of steel pipe members change when reinforced using this method, a
series of welding reinforcement axial compression tests were designed, incorporating local
reinforcements at various positions and with different initial stress ratios. By comparing
the reinforced specimens with those left unreinforced, we obtained insights into the failure
modes, ultimate bearing capacities, and strain data of the steel pipes. To further validate
the findings, 236 finite element models were developed. These models allowed for a
comprehensive analysis of the numerical results alongside the experimental data, taking
into account the thermal effects of welding. Quantitative analyses were performed to assess
the impact of the initial stress ratio, initial defects, welding heat effects, slenderness ratio,
the area ratio between the reinforcement and the pipe, and the length of the reinforcement
on the ultimate bearing capacity of the reinforced members. The findings indicate that
residual stresses resulting from the welding process have a minimal influence on the
ultimate bearing capacity. The method maintains over 75% of its efficiency even at initial
stress ratios up to 0.8. Additionally, the study elucidates the rules governing the impact
of localized reinforcement on the mechanical properties of loaded steel pipe members.
Combining the theoretical calculations with numerical simulations, an empirical formula
for estimating the ultimate bearing capacity of the reinforced pipe specimens was derived.
The relative error of the formula is less than 10% with the experimental outcomes and the
finite element analysis results thereby offering a reliable tool for engineering applications.

Keywords: welding reinforcement; under a high stress ratio; reinforced by wrapping pipes;
heat input

1. Introduction

Steel structures have a long history of development. As their service life increases, the
probability of component failure also rises. Many existing steel structures now struggle
to meet the current structural requirements, while a significant number of spatial steel
structure facilities face the need for transformation. Consequently, the reinforcement and
upgrading of steel structures have emerged as a prominent area within the construction
industry. In the steel reinforcement method, welding reinforcement has been the most
widely used steel structure reinforcement method for many years because of its flexible con-
struction and less preparation work. Up to now, there have been many studies on welding
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reinforcement. Al Ali M. [1], Liu Y. [2], Erfani S. [3], Xiangyang, J. [4], Zhongwei, Z. [5] and
others have systematically studied the welding reinforcement methods of I-beams, square
steel pipes and other section steel. The experimental research on welding and strengthening
of axial compression members, bias members and flexural members, the numerical analysis
of thermal-force coupling, and theoretical calculation are carried out. The residual stress
generated by the thermal effect in the process of welding reinforcement will seriously
affect the ultimate bearing capacity of the component, especially for thin-walled steel pipe
components. In order to more accurately simulate the impact of the residual stress caused
by the thermal effect in the welding process, and then study the overall stability factors
of the component in the welding process, Goldak J. [6] developed a new type of moving
double ellipsoid welding heat source model, and verified the accuracy of welding heat
input according to experiments. Marzouk H. [7] derived the analytical formula of the
bearing capacity of the member considering the superposition of the original residual stress,
welding residual stress, and stress under the initial load. The nonlinear finite element
analysis of steel members under the influence of welding residual stress based on large
deformation stability theory is carried out.

However, as the demand for reinforcement and the requirements of engineering
projects have increased, the application of complete unloading for reinforcement in actual
projects has gradually decreased. This is particularly true for space steel structures, where
most steel pipe members in long-span grid structures need to be strengthened either
under load or with incomplete unloading. In the 1960s, O’Sullivan [8] began to study
the reinforcement of steel structures under load, and proposed the basic principle for
calculating the reinforcement of structures under load. Tafsirojjaman, T. [9,10] studied
CFPR reinforced steel members under load. Wei, J. [11] studied reinforcement with steel
plate-UHPC under vertical load. Acikel H. [12] and Bingsheng, H. et al. [13] studied the
axial compression performance of the reinforced casing under the load of round steel
tubes. The axial compression tests of unreinforced steel tubes, stainless steel hoop tubes
and sticky steel tubes were carried out, respectively, and the ultimate bearing capacity
of the tubes under different initial stress ratios was obtained. Wang Yuanqing [14] and
Jiang Li et al. [15] conducted axial compression and bias tests on I-steel after welding and
strengthening under an initial load, simulated the impact of the welding process on the
overall bearing capacity through finite element analysis, and verified the feasibility of
the indirect thermo-mechanical coupling analysis method for welding thermal analysis.
Liu, H. [16,17] and Zhao, X. [18] conducted a test on the reinforcement of welded casing
on this basis, followed the thermo-mechanical coupling analysis to simulate the welding
process, and obtained the influencing factors and the ultimate bearing capacity formula of
welded reinforced steel pipe members under load.

At present, there is little research on the reinforcement of steel pipe members via
welding casing under load, and there is also a gap in the research of local reinforcement.
In large-span spatial structures, scenarios necessitating the reinforcement of steel tube
members under load due to increased loading or reduced cross-sectional integrity are
becoming increasingly prevalent. Among them, the residual stress caused by welding has
a great influence on the ultimate bearing capacity of thin-walled steel pipe members, and
considering that the context of steel tube reinforcement in spatial steel structures often
involves high stress ratios, it is imperative to investigate the methods for reinforcing steel
tube members under high stress conditions while minimizing the residual stresses. The
existing research focuses on low stress ratio scenarios, but the reinforcement mechanism
and design method under a high stress ratio (initial stress ratio > 0.6) are still blank. This
paper fills the gap in the field through experiments and simulations. Based on the existing
research foundation, a new method for strengthening casing welding is proposed in this
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paper, which is particularly suitable for large-scale space steel structures where load-bearing
members often operate under high stress ratios and cannot be fully unloaded. The method
can effectively reduce the effect of welding heat on the mechanical properties of steel pipes.
The testing and numerical simulation of welded steel pipe members under high load were
carried out, and the reinforcement efficiency of local reinforcement at different positions
and lengths was studied. The impact of different factors on the ultimate bearing capacity
of the members was compared and analyzed, validating the feasibility of this method for
high-load reinforcement. An empirical formula for the ultimate bearing capacity of steel
pipe members under this strengthening method is presented, which provides a reference
for practical engineering applications.

2. Experimental Scheme
2.1. Specimen Design

According to the specifications of round pipes commonly used in engineering, three
components were designed in the test, whose numbers are S1, S2, and S3, respectively.
Steel pipes measuring $89 x 5 mm were used as reinforced parts, and 89 x 5 mm steel
pipes were also used as sleeved parts. The reinforcement diagram of specimens is shown
in Figure 1. S1 is an unreinforced steel pipe, S2 was reinforced in the middle span of the
steel pipe, and S3 was reinforced at the bottom of the steel pipe. In order to prevent the
thermal effect generated during reinforcement from directly welding on the reinforced steel
pipe, causing stress concentration of the reinforced part and then affecting the stiffness
and bearing capacity of the whole member, the sleeved part and the connecting steel plate
were reinforced via welding (arc welding) in this test. After the welding and cooling, the
reinforced part naturally shrank and tightened the reinforced round steel pipe. Unlike the
traditional welding methods that directly apply heat to the reinforced member, this method
eliminates residual stress accumulation in the unreinforced member.

Sleeved
member

Welding
seam

Welding
> seam

(a) Three-dimensional schematic diagram of specimen. (b) Front view of specimen S2. (c) Front view of specimen S3.

Figure 1. Cont.
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Sleeved member

Unreinforced member

(d) Strengthening scheme of specimen S2

Unreinforced member

Sleeved member

(e) Strengthening scheme of specimen S3

Unreinforced
member

Connecting plate
(f) Section diagram of A-A
Figure 1. Diagram of specimen after reinforcement.

In order to study the bearing capacity of the steel tube after reinforcement under load
and the influence of different reinforcement positions on the reinforcement performance,
the three designed specimens were all subjected to an axial load. The detailed designs
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of each specimen are shown in Table 1. Among them, the height of the reinforced part
was 2.0 m, the height of the reinforced part was 1.0 m, the steel grade was Q345, the
distance between the loading plate and the testing machine support was 200 mm, and the
cross-section of the round steel tube was $89 x 5 mm.

Table 1. Main parameters of specimens.

Specimen Diameter of the Circular Reinforcement Diameter of the Method of Slenderness Ratio
P Steel Tube (mm) Positon Casing (mm) Reinforcement of Steel Pipe
5-1 D89 x 5 / / Unreinforced 83.9
S-2 P89 x 5 Steel pipe midspan P89 x 5 Load-reinforced 83.9
S-3 P8I x 5 Stell pipe lower part P8I x 5 Load-reinforced 83.9

(a) Material property test (c) After the material propety test

2.2. Material Property Test

The sample was extracted from the round steel tube used in the test, and the standard
static tensile specimen was prepared from it. Through a static tensile test at the normal
temperature, the mechanical properties at the normal temperature (20 °C) were obtained.
The material test member is shown in Figure 2, and the stress—strain curve of the material
specimen is shown in Figure 3. The average values of the final steel material property
parameters were taken from the results of the three specimens, and the results are shown
in Table 2, where E represents the elastic modulus, fy represents the yield strength, fy,
represents the ultimate tensile strength, s represents the corresponding strain at yield,
&t represents the strain at the terminal yield platform, and ¢, represents the ultimate

strain at f.

Figure 2. Diagram of tested specimens for material property test.

2.3. Loading Scheme

The test used a 500-ton microcomputer-controlled electro-hydraulic servo press for
axial compression loading. The loading procedure involved initial force control followed
by displacement control, ensuring that the loading rate remained below 5 kN/min. The
loading test sequence was as follows: (1) Apply the initial load and hold it. (2) Perform
welding reinforcement and allow the specimen to cool to room temperature. (3) Continue
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monotonic loading until the specimen fails. When the load reached 70% of the expected
bearing capacity of the member, the displacement control hydraulic press was used to
provide continuous loading until the member failed. The test loading device is shown in
Figure 4. The specific loading values used in the test are shown in Figure 5.

-g=g=E=i=R=E=F=]~8-0-2¢
500 1 negegRzR=Rl=E
A t
400 fu
= —f
o
=300 E
@A 200 P —S|
) —eo—S2
100 —A—S3
i Average
)
0 T T T T T T T
0 1 2 3 4 5 6 7 8
Strain(%)

Figure 3. Diagram of stress—strain in curves for material property test.

Table 2. Material property test results.

f, (M + SD
y (Mean ) £y (Mean + SD) Es £, (%) eut (%) ey (%) (io/Oo)V

Specimen (N/mm?) (N/mm?) (N/mm?)

P89 x 5 3614 +27 515+ 3.7 2.06 x 10° 0.185 0.782 5.690 0.61

Top plate
of rga%hine

insulating

tape

Bottom
cover plate

Bottom plate
of machine

(b) Loading and measurihg device

(a) Loading site

Figure 4. Test loading device.
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Force Displacement
(kN) (mm)

Load holding
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7% Fy load per level reinforcement
Force loading I ‘
Displacement
loading

Figure 5. Monotone loading system.

2.4. Test Point Arrangement

Considering the failure position of the member and the work of the strain gauge
during the reinforcement process, the strain gauge was arranged longitudinally along the
span and quarter section of the steel pipe of the strengthened part and the strengthening
part, and at the same time in the outer span of the connecting steel plate. The strain gauge
arrangement is shown in Figure 6. The horizontal displacement sensor was arranged in
the span of the specimen to measure the lateral deformation of the whole specimen. The
vertical displacement sensor was arranged on the loading platform of the testing machine
to measure the axial deformation of the specimen caused by the external load.

15 13
15 13
14(16) 16(17)
14(16)
11(12
o 7 1ofRfis =10(12)
(10) L 9(11)
(12)(13) 7 3
S6(7 6(8
5(6) (N ®)
4(5)
24) 2(3) 12(4)
1
3 1 3 -
(a) Specimen S1 (b) Specimen 52 (c) Specimen S3 (d) Midspan section diagram of specimen 52

Figure 6. Arrangement of strain gauge.

3. Test Results and Analysis
3.1. Phenomenon of Destruction

Figure 7 shows the failure patterns of each specimen. As can be seen from the figure,
the unreinforced specimen S1 exhibited overall instability. In contrast, specimens S2 and
53 showed local buckling on the side that was locally reinforced [19]. After local buckling,
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the reinforced steel pipes experienced overall instability, but no obvious deformation was
observed in the reinforced areas. The failure position for the unreinforced specimen (S1)
occurred at the lower part of the entire span, while the failure position for specimens S2
and S3 was on the locally reinforced side.

£ 1
(a) Specimen S1

!

(c) Specimen S3 (d) Local buckling mode of specimens S2 and S3

Figure 7. Instability mode of specimens.

3.2. Carrying Capacity Analysis

The ultimate bearing capacity of the specimens is shown in Table 3, and the comparison
of load-axial displacement curves is shown in Figure 8. The load level represents the ratio
of the axial load during on-load welding to the ultimate bearing capacity of the specimen
without reinforcement. The test results show that the reinforcement can effectively improve
the axial bearing capacity of the steel pipe under load, but the different locations of local
reinforcement have no significant effect on the bearing capacity. With the increase in the
initial stress ratio, the bearing capacity decreases slightly, and both the high stress ratio
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and low stress ratio can effectively improve the performance of the member and increased
the ultimate bearing capacity of the member. In the test, when the initial stress ratio
increased from 0.384 to 0.668, the ultimate bearing capacity decreased by less than 10%,
which proved that the welding reinforcement is controllable under high loads. Because
the area ratio between the strengthened specimen and the strengthening specimen is 100%,
and the overall slenderness ratio of the specimen is small, the ultimate bearing capacity
of the reinforced specimen undergoes a moderate increase. The unreinforced component,
51, presents sudden failure after instability, while the reinforced components, S2 and S3,
present a tendency of delayed failure after instability. Because the welding action does
not directly act on the reinforced member, the axial stiffness of the specimen decreases
slightly, and the welding under load causes fluctuations in the axial force condition, but
has basically no effect on the axial displacement. The reinforced specimens are capable of
maintaining a certain bearing capacity subsequent to instability failure and still possess
post-failure stiffness.

Table 3. Bearing capacity of specimens.

Specimen Ny (kN)  Yield Load (kN) P, (kN) Preload (kN) Preload Level

S-1 203.9 309.5 392.7 - -
S-2 203.9 406.9 443.9 78.3 0.384
S-3 203.9 396.1 441.5 136.3 0.668
500
400
z
22300
o
<
=
= 500
k> 200 Reinforcement holding load
< | ‘ Local buckling —E— S
100 * Peak load —— S2
@ Bending instability —hA— S3
q
0 T T T T T T T
0 2 4 6 8 10 12 14 16

Axial displacement(mm)
Figure 8. Load-displacement curve.

3.3. Strain Variation Analysis

Figure 9 shows the loading strain curve by reading the data of the nearest strain gauge
across the mid-distance failure location and the strain gauge at the non-yield section. In 51,
points 5 and 6 are the strain gauge closest to the failure position, of which point 5 is the
tension side and point 6 is the compression side, and points 8 and 10 are the non-yield
section, of which point 8 is the tension side and point 10 is the compression side. In the
52 specimen, the strain gauge is nearest to the failure position at points 4 and 5, of which
point 4 is the tension side and point 5 is the compression side, and points 12 and 13 are the
non-yielding section, of which point 12 is the tension side and point 13 is the compression
side. Specimen S1 is an unreinforced specimen. Due to the initial defects, the strain changes
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of the component conform to the typical buckling failure mode under axial pressure. Before
the failure of the member, all points of the steel pipe are subjected to pressure. After
reaching the ultimate bearing capacity, the compressive stress side strain increases, and
the tensile stress side strain decreases gradually. The failure position of the S2 and S3
specimens occurred in the unreinforced area, and the strain at the buckling position was

similar to that of S1.
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Figure 9. Load-strain curve for unreinforced section.

Figure 10 shows the strain gauge data for reading the same points of the reinforcement
part of S2 and the reinforcement part. Points 12, 13, 9, and 11 of 52 are strain gauges at the
same point in the reinforcement section, of which strain gauges 9 and 11 are located on the
connecting steel plate of the reinforcement member, strain gauges 12 and 13 are located
on the reinforced steel pipe, and points 12 and 9 are the tension side. The 13 and 11 points
are the pressure side. As can be seen from the above, the failure position of the 52 and S3
specimens occurred in the unreinforced section, and the reinforced section region was still
in the co-working state. Because the reinforced round steel pipe is not directly affected
by the welding heat, the residual stress is not obvious in the welding reinforcement. The
strain of the reinforced part in the welding section fluctuates. After welding, the strain of
the strengthened part and the strengthening part keeps the same trend with time, and the
strain growth is almost the same, which indicates that after the welding connection, the
two parts are jointly stressed, and the deformation is well coordinated. The larger initial
load will cause the strain difference between the strengthened part and the strengthened
part to increase, and the utilization rate of the reinforced part will slightly decrease.

Compression

l'—-s
400
!

350 .
Z
24 300 4
S 2504
- [ |
- 200
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Figure 10. Load-strain curve for reinforced section.
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4. Numerical Simulation Analysis
4.1. Finite Element Simulation Process

In this research, ABAQUS software was used to establish finite element models. The
numerical analysis included welding temperature field analysis and mechanical properties
analysis under axial pressure conditions. The welding process and temperature field
analysis were simulated by using the birth-death element method. Fortran subroutine
was used for the secondary development of ABAQUS for the welding temperature field
analysis. In the process of the axial compression analysis, the C3D8R element was used
to establish the finite element models, and the welding reinforcement process and axial
compression test were simulated via the indirect heat-force coupling analysis method.

According to the results of the material properties test above, the elastic—plastic
constitutive model was used to analyze the specimens numerically in the finite element
analysis. The constitutive relation of steel was parameterized by the ideal elastic—plastic
double fold model. Due to the influence of the welding thermal effect on the temperature
during the simulation process, the yield strength of steel at the normal temperature was
defined as 345 MPa, the elastic modulus was defined as 206,000 MPa, the Poisson ratio
was defined as 0.3, the von mises model was used as the plastic yield criterion, and
isotropic hardening was used as the strain-hardening model. In the numerical simulation
of the welding process, a temperature change will affect the mechanical properties of steel.
According to the reduction coefficient in the Code for Fire Protection of Building Steel
Structures, the mechanical properties of steel at a high temperature, such as the elastic
modulus, yield strength, and ductility, are reduced.

In the modeling analysis of the component, the contact between the strengthened part
and the strengthening part is defined as the hard contact of normal action, the tangential
action is defined as the penalty, and the friction coefficient is 0.3. The coupling constraints
are defined at both ends of the component, and the boundary conditions, force, and
displacement loads are applied to the whole component through the coupling constraint
points. Due to the hinged action of the two ends of the hydraulic loading device set in
the limiting direction during the test and due to the symmetry in the plane of the tube,
the translational freedom of the two ends in three directions is restricted by coupling
constraints, while the rotational freedom in the z-axis direction is restricted. The preload
and subsequent applied loads are along the z-axis direction [20].

The buckling mode of the unreinforced member was obtained via Buckle analysis
in the numerical simulation process, and the ultimate bearing capacity of the member
under the initial defect could be obtained via Riks nonlinear buckling analysis when axial
force is applied to the buckling mode. The results of the Riks nonlinear buckling analysis
were imported into the reinforced member model to obtain the initial defect model of the
member in the z-axis direction of 1/1000, and the calculation results were more similar to
those of the test.

The welding process in the test will produce residual stress on the whole reinforced
component [21]. The aim was to effectively simulate the welding process so that it was
enough to affect the accuracy of the numerical analysis results. In this research, the
temperature field changes generated by the welding were calculated separately. In the test,
the reinforced steel pipe and the connecting steel plate were arc welded. In the simulation
process, a Gaussian heat source is used to simulate the welding process [22].

2

arP r
7Y = — 5 Y 1
q(x,y,z) - exp{ r%} (1)
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In the formula, X, y, and z are the coordinate values in the thermal analysis model, and
aR represents the absorption rate of the material; P represents the energy and power in
the welding, determined by the voltage and current in the welding, and ry represents the
radius of the heat source; r represents the distance from the welding center point, and gs
represents the heat flux. The heat of each unit in the welding simulation can be obtained
by using this method, so as to complete the calculation of the temperature field. In this
paper, the thermal efficiency coefficient is 0.8, the voltage U = 220 V, and the currentI =6 A
according to the field welding data, and the heat change was introduced into the ABAQUS
temperature field model through a Fortran subroutine for secondary development, and the
thermal analysis steps under welding were obtained.

In the finite element analysis, solid element modeling was used, and the welding
simulation between the strengthened part and the strengthening part was carried out by
using the life-and-death element method. Since the test adopts the process of reinforcement
under load, in the finite element simulation, the model of the whole component, including
the strengthened component, the strengthening component, and the weld seam, was first
established, and then the reinforced component was “kill”. Through this operation, the
condition of the component before reinforcement was restored, and the static load was
carried out in the state of the component without reinforcement, so as to achieve the
load condition under load. The previously “kill”-reinforced member was restored under
the initial load of the unreinforced member, and the calculation results of the previously
calculated temperature field were imported to effectively simulate the influence of the
thermal effect on the member during the welding process. After combining the calculation
results of the temperature field and preload force field, the axial compression simulation of
the whole reinforced component was carried out to obtain the ultimate bearing capacity
and failure mode of the final reinforced component. The finite element calculation results
were compared with the test results to obtain a more accurate finite element analysis
process. Figure 11 shows the finite element analysis carried out by using the life-and-death
element method.

Establish geometric model and generate mesh

Initial temperature

Thermal material
properties

Thermal boundary
conditions

\

J

r Initial defects analysis

Heat transfer analysis Mechanical analysis
(including reinforced component) (without reinforced component)

| v

> Initial imperfection

Mechanical material
properties

Mechanical

Welding temperature field Preload force field boundary conditions

\ |
7 <

restore

Mechanical analysis
(including reinforced component)

v

Axial monotone load

\Z

Ultimate bearing capacity and
failure mode

Figure 11. Finite element analysis process allowing for welding process.
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4.2. Finite Element Simulation Verification
The finite element model simulation calculation method is described above, and the
ultimate bearing capacity of the specimens and the finite element simulation calculation
ultimate bearing capacity are shown in Table 4. Considering the effect of welding heat, the
relative error between the numerical analysis of the ultimate bearing capacity under axial
pressure and the experimental ultimate bearing capacity is less than 6%. Compared with the
load-axial displacement curve in Figure 12, it can be seen that the ultimate bearing capacity
of S1, S2, and S3 specimens obtained are basically consistent with the experimental results.
In the process of reinforcement under load, it is necessary to carry out the reinforcement
on the hydraulic test machine, which will cause the axial displacement fluctuation at the
load level. The simulation results show that the reinforced bar can still bear the load after
reaching the yield point, and the load capacity after yielding, while the loading level of the
unreinforced bar decreases rapidly after reaching the ultimate bearing capacity, which is

consistent with the test results.

Table 4. Sensitivity factors of parameters.

Slenderness Ratio Reinforced Area Ratio Initial Stress Ratio Initial Defect

Parameter = Reinforcement Length
o 0.1985 0.2788 0.05887 0.2502 5.783 x 10~
SRC 0.78 0.36 0.02 0.28 0.11
400 — 500
\
|}
3004 400
= -
% 425 300
=
8 200 1 ~ —~e 2
E Te—e = 200
> >
< <
100 "‘o\..\
—a—S] experimem 100 + ’:' —=— S2 experiment *0~e-
—*— SI numerical r —e— S2 numerical
0 T T T T T T T T 0 T T T T T T T T
34 5 6 7 8 9 10 0 4 8 12 16 20 24 28
Axial displacement(mm) Axial displacement(mm)
(a) S1 (b) S2
500
e®®0
| o
4004 o f
" .
z |1 \
<3004 |m ®
3 ol \
2 L °
—_— | J
£ 200 1 '9. \o\
< .
m %o
100 4 R SN
—=m— S3 experiment ~o—,.
—e— S3 numerical

0 T T T T T T T T T
3 6 9 12 15 18 21 24 27 30

Axial displacement(mm)

(c) S3

Figure 12. Load-axial displacement curve.

As shown in Figure 13, the failure modes of specimens in the numerical simulation
results are compared with those in the test. It can be seen that the failure modes of the
unreinforced parts are the overall instability, while the failure modes of the reinforced parts
are the local buckling generated near the sleeved parts, resulting in the overall instability
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of the members. The experimental results are in good agreement with the numerical

simulation results.

(b) Simulated instability failure of S1 specimen

e

(d) Simulated instability failure of S2 specimen

i
vl ! ""'\ Lt
(g) Experimental instability failure of S2 specimen (h) Experlmental 1nstab111ty failure of S3 spec1men

. iBucklmg

S, Mises

(Avg: 75%)
+4.500x10*
+4.126x10*
+3.751x10*
+3.377x10*
+3.002x10*
+2.628x10*

Buckling

S, Mises

(Avg: 75%)
+4.500%10*
+4.126x10*
+3.751x10*
+3.377x10*
+3.002x10*
+2.628x10*
+2.254x10?
+1.879x10*
+1.505x10?
+1.130x10*
+7.560x10
+3.816x10
+7.223x10"

(i) Simulated instability failure of S2 specimen (j) Simulated instability failure of S3 specimen
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Figure 13. Failure mode of experiment and simulation.
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Figure 14 presents the axial normal stress contour diagram for the compressive buck-
ling section of the bar before and after reinforcement. It is evident that the upper portion of
the yield section is subjected to compressive stress, while the lower portion experiences
tensile stress. The stress variation trend on both sides aligns with the strain gauge readings
depicted in Figure 10. Additionally, the local buckling phenomenon in the reinforced mem-
ber is more pronounced compared to the unreinforced condition. In summary, the finite
element analysis model established considering the welding thermal effect is reasonable
and reliable, and can be used for subsequent parameter analysis.
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Figure 14. Axial normal stress contour diagrams.

4.3. Parametric Analysis

Based on the finite element analysis method mentioned above, 236 finite element
analysis models were established for the above tests. These models were used to study the
influence of various factors on the ultimate bearing capacity of the members. Specifically,
the effects of the initial stress ratio, initial defects, slenderness ratio, area ratio of the sleeved
part to the reinforced part, welding heat effect, reinforcement length, and reinforcement
position on the ultimate bearing capacity were analyzed.

4.3.1. Initial Stress Ratio

The initial stress ratio level will affect the efficiency and level of reinforcement. The
numerical simulation results show that the initial load reduces the ultimate bearing capacity
of the member. The initial bending of the round steel tube caused by the initial load can be
regarded as a geometric defect, which will aggravate the overall instability of the member,
so the ultimate bearing capacity of the member strengthened under load is lower than that
under zero load. According to the Euler stability formula, the effect of load reinforcement
is mainly related to the slenderness ratio, the initial stress ratio, the overall stiffness, and
other factors. The influence of the initial stress ratio on the ultimate bearing capacity can be
expressed by the ratio of the ultimate bearing capacity strengthened under load and zero
load to the ultimate bearing capacity without reinforcement, as shown in Figure 14.
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When the slenderness ratio is small, the member can be regarded as a short column,
the strength failure occurs, and the initial bending caused by the initial load has little effect
on the ultimate bearing capacity of the member. However, when the slenderness ratio of
the member is large, the instability failure is the main failure mode. With the increase in
the initial bending caused by the initial load, the ultimate bearing capacity decreases, as
shown in Figure 15. When the slenderness ratio is constant, the bearing capacity of the
member decreases with the increase in the initial stress ratio. When the initial stress ratio
is less than 0.4, the reduction in the bearing capacity of the member with the increase in
the initial stress ratio is less than 10%. When the initial stress ratio of the component is
greater than 0.6, it can be regarded as the reinforcement of the member under a high stress
ratio. Under this reinforcement method, the ultimate bearing capacity of the component
can still be effectively improved, and the method maintains over 75% of its efficiency even
at initial stress ratios up to 0.8, which verifies the reliability of the welded reinforced steel
pipe component under a high load.

L7 high stress ratio
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1.4 [~®Slenderness ratio=83.9

F/FO

I\.

h Slenderness ratio=62.9

p————0

1.2 .\o

\

.\.

A\A\
A

1.0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

- —_—

Initial preload level

Figure 15. Reinforcement ratio under different preload levels.

During local reinforcement, the initial bending caused by the initial load will have
different effects on the member with different global stiffness values due to the different
position and length of the reinforcement. As the local reinforcement fails to increase the
full-length stiffness of the member compared with the overall reinforcement, the ability
of the member to overcome bending deformation decreases when instability occurs. The
reinforcement effects can be represented by the ratio of the ultimate bearing capacity under
local reinforcement and general length reinforcement under load to the ultimate bearing
capacity under zero load, as shown in Figure 16. The efficiency of the partial reinforcement
is slightly higher than that of the pass-length reinforcement. The interaction effect between
the initial stress ratio and reinforcement length is illustrated in Figure 17. It can be observed
that when the initial stress ratio is relatively low (initial stress ratio < 0.4), its impact on the
overall ultimate load is minimal. Conversely, when the initial stress ratio exceeds 0.6, a
notable decline in the ultimate bearing capacity becomes apparent.

4.3.2. Initial Defects

The initial defects will cause a certain initial bending of the round steel pipe before
the reinforcement, and the initial defects of different sizes will aggravate the instability
and failure of the rod. In this research, the RIKs mode was used to analyze the change in
the ultimate bearing capacity of the member with initial defects, and the reinforcement
efficiency of the member with different geometric defects was studied. The ultimate bearing
capacity of the member under different initial defects is shown in Figure 18. In the member
with a slenderness ratio of 167.8, the initial defect increases from L/2000 to L/300, and the
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ultimate bearing capacity of the member decreases significantly. Comparing and analyzing
the simulation results with the test results, it is recommended to use the initial defect level
of L/500, and the selection of the initial defect level is related to the slenderness ratio of the
component. When the slenderness ratio of the specimen is large, the initial defect level in
the calculation can be appropriately reduced.
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Figure 16. Reinforcement effects under different preload levels.
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Figure 17. Coupled effects of initial preload and length ratio on the reinforcement ratio.
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Figure 18. Reinforcement effects under different initial defects.

4.3.3. Slenderness Ratio

The slenderness ratio is one of the main factors that affect the performance of casing
reinforcement. Since the size of the slenderness ratio is directly related to the instability
failure of the member, generally speaking, the member with a large slenderness ratio
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is prone to instability failure, and the strength failure will occur when the slenderness
ratio is small. In order to analyze the reinforcement efficiency of the casing reinforcement
under different slenderness ratios, Figure 19 shows finite element models under different
slenderness ratios, and Figure 20 shows how the ratio of reinforced and unreinforced
ultimate bearing capacity varies with the slenderness ratio under different load conditions
under the local reinforcement of 50% of its length. The simulation results show that the
greater the slenderness ratio, the higher the reinforcement efficiency of the member and the
stronger the effectiveness of the casing local reinforcement. When the slenderness ratio is
large, the member tends to be unstable, and the local reinforcement can effectively increase
the ultimate bearing capacity. However, when the member is small and tends to undergo
strength failure, the influence of the local reinforcement on the ultimate bearing capacity of
the member is limited compared with the overall reinforcement.
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Figure 19. Specimens under different slenderness ratios.
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Figure 20. Reinforcement ratio under different slenderness ratios.

4.3.4. Reinforcement Length

As the ultimate failure of the rod is mostly unstable failure, the local reinforcement of
the round steel pipe can improve the local stiffness of the members, thereby increasing the
Euler load and increasing the ultimate bearing capacity. However, the local reinforcement
of different lengths will affect the increased level of ultimate bearing capacity.

When it is assumed that the locally strengthened steel pipe member is a three-stage
double-step column [23], it can be assumed that the member is an ideal compression rod
and conforms to the assumption of a plain section, and the failure mode of the whole
rod is instability failure. In order to make the three members reach the unstable failure
state at the same time, so as to achieve the maximum utilization efficiency during the local
reinforcement, the theoretical solution can be calculated through the flexural equation of
the pressure rod:

kiko k3 kika 2 3)
tankilitankyly © tankiltankyls = tankplptankils >
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where k1 = \/EIH, kr, = \/EI\I’Z, the lower, middle, and upper three component lengths
are 1, I, I3, the moment of inertia of the lower, middle, and upper members is I, I, I3,
respectively, and the axial force is N. According to the formula, the optimum reinforcement
length ratio can be determined when the upper, middle, and lower sections are subjected
to the Euler critical bearing capacity. In the long member with a slenderness ratio of 167.8,
according to the above formula, it can be calculated that 56.6% of the long steel pipe member
with local reinforcement can optimally exert its performance after reinforcement, ensures
the overall instability failure of the member after reinforcement, and mitigates the potential
for wasted reinforcement performance stemming from instability subsequent to localized
buckling. When reinforcing components are characterized by a large slenderness ratio, a
local reinforcement length of 50% to 65% may be considered, as this approach maximizes
the mechanical properties of the reinforced components and optimizes the reinforcement
costs for economic efficiency.

However, in practical engineering, the instability failure of all three sections of pres-
sure rods after local reinforcement is ideal, and especially in short columns, the strength
failure caused by local buckling should be considered. Figure 21 shows finite element
models under different reinforcement lengths, and Figure 22 shows the ultimate bearing
capacity of a component short column with a slenderness ratio of 83.9 under different local
reinforcement lengths. The most economical and appropriate local reinforcement scheme
can be selected according to the different reinforcement requirements. In short column
reinforcement, the reinforcement length can be appropriately increased to 75~90% to ensure
an improved reinforcement efficiency.
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Figure 21. Specimens under different reinforcement lengths.
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Figure 22. Reinforcement ratio under different reinforcement lengths.

4.3.5. Welding Thermal Influence

The thermal influence generated during the welding and reinforcement of steel mem-
bers will produce residual stress in the members, resulting in mechanical defects at the level
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of the whole member. The residual compressive stress will make a part of the compression
rod yield in advance, thereby reducing the local stiffness and promoting the instability
of the member [24,25]. When the welding directly acts on the reinforced member, it is
necessary to select the stability coefficient of the pressure rod according to the influence of
the residual stress, and revise the calculation results of the theoretical calculation [26].

However, in the reinforcement method in this paper, because the welding position
is on the reinforcement part and the connecting steel plate, the reinforced part does not
directly participate in the welding process, the residual stress is small, and the welding
thermal influence has little influence on the ultimate bearing capacity of the member. The
thermal effect of the cross-section during welding and the welding procedure are shown
in Figure 23. The simulation results without a thermal effect and with a thermal effect are
shown in Figure 24.
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Figure 23. The welding thermal effects of cross-section.
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Figure 24. Bearing capacity under different welding thermal effects.



Buildings 2025, 15, 1042

21 of 24

4.3.6. Reinforced Area Ratio

The section area ratio of different strengthening parts to the strengthened parts will
also affect the reinforcement efficiency. The ultimate bearing capacity of the member
increases with the increase in the area ratio of the reinforced member. However, when the
area ratio of the reinforced member is greater than 1, the increasing trend of the ultimate
bearing capacity of the member decreases, and the efficiency of the reinforcement with a
larger section decreases. The reinforcement with an excessively large section wastes a lot of
material properties, which is particularly significant in the local reinforcement. Figure 25
shows the ultimate bearing capacity under different area ratios of reinforcement parts
under local reinforcement of 50% of the member’s length.
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Figure 25. Bearing capacity under different area ratios.

4.3.7. Weld Distribution

The distribution of welds affects the residual stress region generated in the welding
process of components, and the larger the residual stress distribution region, the wider the
area of advance yield caused by residual compressive stress, which also leads to greater
mechanical defects in the long weld compared with the intermittent weld. However, in
order to ensure the co-working state of the strengthening part and the strengthened part, the
weld must meet the sufficient length to ensure the increase in the equivalent cross-sectional
area of the reinforced member under the increased cross-section method, thus increasing
the overall stiffness of the member and thus increasing the ultimate bearing capacity under
the instability failure. Therefore, it is necessary to obtain the optimal welding scheme under
the balance of weld length and residual stress distribution.

In this research, the welding takes place between the reinforced part and the connecting
steel plate, and the residual stress on the reinforced part is small. Therefore, the full-length
weld is selected to ensure that the strengthening part and the strengthened part are closely
connected, and the joint working efficiency is maximized.

5. Calculation of the Ultimate Bearing Capacity

Based on the aforementioned parametric analysis, a sensitivity analysis was conducted
to evaluate the impact of various parameters and derive the empirical formula under the
reinforcement method. The ratio, Ra, of the ultimate bearing capacity after reinforcement
to the bearing capacity of the unreinforced component represents the reinforcing efficiency
of this method. The independent effects of different parameters on the Ra were quantified
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using ANOVA, while the contribution of each parameter to the Ra was assessed through
the standardized regression coefficient (SRC).

SRC = B; x - (4)
0] a

In the formula, B; is the regression coefficient, ¢; is the standard deviation of the
parameter, and og, is the standard deviation of the Ra. The sensitivity factors for each
coefficient are presented in Table 4.

Through a large number of finite element analyses, the results of ultimate bearing
capacity were obtained, and four parameters that have a relatively significant influence on
the ultimate bearing capacity were identified: the initial preload ratio, the reinforcement
length, the slenderness ratio, and the initial defect. The ratio Ra obtained through nonlinear
regression analysis by using Origin software is as shown in Equation (4). Each parameter
of this regression equation is p < 0.05, and R? = 0.922, indicating a good fitting result.

R, = —0.821 + 0.667a + 2675¢( + 8.7151y% + 0.206A% — 5598ly¢0 ()

In the formula, « is the initial stress ratio when the member is reinforced, ¢ is the ratio
of the initial defect size of the unreinforced member to the overall length, [; is the ratio
of the reinforcement length to the overall length of the member, and A is the normalized
slenderness ratio of the unreinforced member. This formula is generally applicable when
the ratio of the cross-sectional area of the reinforced member to that of the unreinforced
member is greater than 0.6. The formula serves as a conservative design tool within the
tested domain and recommended probabilistic safety factors (e.g., v = 1.2) for untested
scenarios.

Equation (4) is compared with the above experimental values and finite element simu-
lation results. The relative errors of the ultimate bearing capacity test results, simulation
results, and calculation results of this equation under non-direct welding sleeve reinforce-
ment are all within the range of +10%, as shown in Figure 26. Therefore, this equation can
calculate the ultimate bearing capacity under sleeve reinforcement relatively accurately,
and the calculation of the ultimate bearing capacity under this reinforcement method is
shown in Equation (5).
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Figure 26. Comparison between calculated and simulated values.

In the formula, ¢ is the stability factor of a steel tube, Ac is the section area of an
unreinforced steel pipe, and fy is the yield strength of a steel pipe member.
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6. Conclusions

1. In this paper, a new method for strengthening welded casings is proposed. Instead of
direct welding, the reinforced part is attached using natural cooling and shrinkage
after welding. This reduces residual stress and mechanical defects. The proposed
method demonstrates competitive efficiency for steel pipes under high loads com-
pared to the conventional welding techniques, with superior residual stress control
and a shorter installation time. The finite element analysis shows the minimal impact
of welding heat on the ultimate bearing capacity, providing an effective strengthening
scheme for space steel structures. Compared to the traditional welding methods, the
proposed method reduces the labor hours by 30% and lowers the labor costs.

2. In this research, axial compression tests were conducted on welded pipe reinforce-
ments under load. The results show that reinforcement significantly increases the
bearing capacity. Before reinforcement, members fail due to instability; after rein-
forcement, they fail due to overall buckling after local buckling. The yield load of the
reinforced members was increased by 30-40%, which verified the feasibility of this
reinforcement method.

3. In order to make the finite element simulation method more reliable, a combined
method of live/dead elements and thermo-mechanical coupling was used for finite
element simulations. By comparing the simulation results with the experimental data,
the relative error of the ultimate bearing capacity of the two is less than 6%, which
confirms the accuracy of the numerical simulation process.

4. The test and simulation results were compared to study the ultimate bearing capacity
of reinforced steel pipes under load. An improved formula for the local reinforcement
length and axial compression force was derived. Recommendations for optimal
reinforcement lengths for long and short columns are provided (50~65% for long
columns and 75~90% for short columns).

5. Finite element models were used to study the effects of preload level, initial defects,
slenderness ratio, reinforcement length, area ratio, and welding thermal influence
on the ultimate bearing capacity. Quantitative analysis provides a reference for
reinforcing steel members under various loads.

6.  To further validate the practical application effectiveness of this reinforcement method,
it is necessary to propose large-scale structural testing and long-term fatigue monitor-
ing and evaluate the metallurgical defects, thereby optimizing the overall reinforce-
ment process.
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